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Preface 


In  1967  magnetic  bubble  devices  made  their  debut  as  current-loop  shift  registers  in  orthoferrite 
plates  cut  from  bulk  single  crystals.  In  1973  the  devices  evolved  into  field-access  as  well  as 
current-access  devices  amenable  to  memory,  switch,  and  logic  operations.  The  shift  registers 
evolved  into  memory  arrays  complete  with  read,  write,  access  and  sense  functions  all  on  the  same 
chip,  amenable  to  major-minor-loop,  decoder,  coincident-selection,  and  dynamic-ordering 
organizations.  The  bulk  orthoferrite  platelets  have  given  way  to  liquid-phase-epitaxial  garnet  thin 
films,  resulting  in  bubble  diameter  reduction  from  100  /x  to  5  /x  (and  eventually  to  less  than  1  /x), 
and  to  integrated-circuit  fabrication  of  bubble  devices.  In  fact,  bubble  devices  in  amorphous 
GdCo  films  which  promise  more  flexible  device  structures  and  simpler  fabrication  have  also  been 
reported.  Memory  chips  with  106  bit/in2  density,  104  bit  capacity,  1  ms  access  time,  105  bit/sec 
data  rate  have  been  fabricated  complete  with  package  and  circuits,  and  promising  reasonable  yield. 
Indeed,  broad  arid  fast  advances  comparable  to  those  witnessed  in  magnetic  bubbles  have  seldom 
been  seen  in  technology  histories. 

Magnetic  bubbles  appear  to  combine  the  simplicity  of  magnetic  media  and  the  versatility  of 
semiconductors. 

The  continuous  bubble  media  are  intrinsically  capable  of  non-volatile,  re-writeable,  on-line  and 
off-  line  storage,  much  in  common  with  magnetic  recording  media  which  embrace  cards,  tapes  (in 
the  form  of  loops,  cassettes,  and  reels),  and  disks  (flexible  and  rigid).  However,  the  bubble 
propagation  capability  eliminates  the  mechanical  motion  for  data  access  and  the  attendant  tear  and 
wear.  The  bubble  switching  capability  facilitates  data  transfer  from  track  to  track,  enabling  fast 
access  as  well  as  facilitating  data  management  in  general. 

The  bubble  devices  are  integrated  circuit  devices.  The  rapid  advance  of  the  bubble  technology  to  a 
great  extent  can  be  attributed  to  the  liberal  utilization  of  integrated  circuit  techniques  well 
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developed  for  the  Si  technology.  Storage  density  as  high  as  108  bits/in2  has  been  achieved  for 
bubble  devices  by  the  use  of  the  fine-line  lithography  made  possible  by  electron  beams.  Ion 
implantation  has  been  used  to  overcome  the  hard  bubble  problem  and  to  enable  the  making  of  new 
device  structures.  The  competitive  edge  of  the  bubble  technology  relies  on  its  ability  to  utilize 
many  existing  and  evolving  IC  fabrication  techniques  to  achieve  higher  density  and  simpler 
structures  than  semiconductor  devices.  Bubble  devices  are  intrinsically  simple  since  the  domains 
are  manipulated  by  structures  external  to  the  storage  media.  The  essential  device  functions  - 
propagation,  detection,  and  control  -  can  all  be  provided  by  magnetic  and  conductor  overlays.  The 
latest  development  in  structure  making  is  a  single-level-masking  device.  By  contrast,  semiconduc¬ 
tor  devices  require  more  than  five  masking  steps  with  demanding  alignment  problem  and  multiplied 
attrition.  The  bubble  technology  will  also  avail  itself  liberally  of  the  well-developed  semiconductor 
chip  joining  and  packaging  schemes,  as  well  as  techniques  for  enhancing  yield,  reliability,  and 
maintainability. 


As  much  endowed  as  the  bubble  technology  is,  it  faces  formidable  competition  in  seeking  an  entry 
to  the  marketplace.  Its  potential  performance  overlaps  with  ferrite-core  and  semiconductor  main 
memories  (the  slow  and  economical  version),  and  its  potential  economy  overlaps  with 
mechanically-accessed  magnetic  devices;  Bubbles,  therefore,  must  compete  with  semiconductor 
and  magnetic  disk  and  tape  technologies  simultaneously,  since  the  semiconductors  and  the 
magnetic  recording  media  in  a  storage  hierarchy  complement  each  other  to  yield  overall  economy 
and  performance.  New  directions  for  economy,  speed,  and  functional  capabilities  are  plentiful  in 
this  new  technology.  However,  their  realization  relies  on  substantial  development  efforts  on 
amorphous  films,  high-mobility  materials,  and  switching  and  logic  devices.  System  innovations 
must  also  be  accompanied  by  simplified  but  nevertheless  new  softwares.  Thus  engineering  and 
marketing  cost  may  dominate  and  diminish  the  gain  in  manufacturing  cost.  Moreover,  just  as  with 
the  semiconductor  technology,  only  a  few  commercial  computer  companies  have  the  full  range  of 
integrated  circuit  fabrication  facilities  to  develop  the  bubble  technology.  The  typical  dilemma  of 
buy  or  make,  compatibility  with  prevailing  computer  systems,  etc.,  will  arise.  Indeed,  the  bubble 
technology  is  a  high  gain  as  well  as  high  risk  pursuit. 

Up  to  November,  1974,*  close  to  1300  technical  papers  and  more  than  200  U.S.  Patents  have 
*The  cutoff  date  for  the  collection  of  publications  and  patents  included  in  this  book. 
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been  issued,  relating  to  magnetic  bubbles.  More  importantly,  viewing  bubbles  either  as  fascinating 
physics  or  as  a  promising  technology,  many  key  questions  have  been  posed  and  answered.  They 
include  the  ability  to  grow  thin  films,  the  understanding  (although  not  perfect)  of  uniaxial 
anisotropy  and  mobility  in  bubble  materials,  the  ability  to  predict  adequately  device  behavior,  the 
design  of  self-contained  chips,  reasonable  yield  in  sizable  chips,  etc.  This  book  attempts  to 
organize  our  present  knowledge  of  the  magnetic  bubbles  from  the  pragmatic  viewpoint  of  a 
technologist.  There  are  six  chapters: 

Genesis 

Devices 

Applications 

Physics 

Materials 

Perspective 

In  addition,  an  extensive  (aiming  at  comprehensive)  bibliography  has  been  compiled.  Abstracts  of 
issued  U.S.  Patents  as  well  as  invention  disclosure  publications  of  IBM  have  been  collected. 

The  Genesis  chapter  summarizes  the  technological  and  scientific  backgrounds  for  the  bubble 
technology,  and  highlights  the  bubble  development  with  a  chronology  of  significant  accomplish¬ 
ments.  The  Devices  chapter  emphasizes  the  basic  device  capabilities  of  bubbles,  not  only  as  an 
element  suitable  for  self-contained  memory  chips,  but  also  as  switch  and  logic  elements  deserving 
further  exploration  and  innovation.  The  Applications  chapter  collects  all  proposed  memory 
application,  whether  being  actively  pursued  or  merely  outlined  conceptually.  In  addition,  other 
possible  applications  (such  as  display,  data  manipulation,  processor,  etc.)  are  also  included.  Both 
the  Devices  and  Applications  chapters  use  published  papers  as  well  as  patents  as  sources  of 
information.  The  Physics  chapter  is  mainly  devoted  to  the  domain  and  wall  phenomena  in  bubble 
materials  which  are  the  basis  of  present  devices  and  future  innovation.  A  synopsis  of  the  up-to- 
date  understanding  of  mobility  and  anisotropy  in  bubble  materials  is  also  given.  The  Materials 
chapter  outlines  the  literature  which  emphasizes  on  the  practical  information  on  the  growth  of 
garnet  substrate  crystals  and  epitaxial  films.  Promising  new  materials,  guidelines  for  the  choice  of 
materials,  and  characterization  techniques  are  also  given.  Moreover,  the  integrated-circuit 

techniques  useful  for  bubble-device  structure-making  are  surveyed.  The  Perspective  chapter 
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assesses  the  potential  of  the  bubble  technology  in  terms  of  its  economy,  speed,  and  functional 
capability.  The  viability  of  the  bubble  technology  is  discussed  in  the  perspective  of  the  future 
developments  of  semiconductor  and  magnetic  disk  technologies. 

This  book  is  a  new  experiment  in  the  IEEE  Press  Series.  While  earlier  volumes  are  basically  just 
collections  of  reprints  with  very  brief  introductory  comments,  this  book  presents  six  complete 
chapters  for  readers  who  wish  to  have  an  overview,  to  acquaint  with  basics,  and  to  obtain  an 
assessment  of  the  bubble  technology.  For  details,  a  collection  of  reprints,  mostly  review  articles 
published  in  1971  -  1974,  are  included.  For  further  details,  source  materials  as  listed  in  the 
Bibliography  and  Patents  can  be  pursued.  The  author  hopes  that  he  has  taken  advantage  of  this 
format  to  expound  his  own  viewpoint  of  the  bubble  technology,  while  disseminating  information 

speedily  on  all  aspects  of  bubbles  in  the  original  words  of  many  other  authors  via  the  reprint 
papers. 

The  author  is  indebted  to  many  of  his  colleagues  in  this  endeavor.  The  broad  spectrum  of  activities 
and  the  cogenial  atmosphere  for  information  exchange  at  the  IBM  Thomas  J.  Watson  Research 
Center  have  stimulated  and  facilitated  this  work.  Discussions  at  conferences  with  colleagues 
affiliated  with  other  companies  have  been  most  inspiring.  Associations  with  colleagues  at  IBM 
System  Product  Division  and  General  Product  Division  have  educated  the  author  to  measure  the 
bubble  technology  in  the  perspective  of  the  established  technologies  of  semiconductors  and 
magnetic  disks.  With  regard  to  the  preparation  of  the  manuscript,  the  author  is  particularly 
grateful  to  Dr.  Edward  A.  Giess  for  reading  and  improving  the  Materials  chapter,  and  to  Dr.  John 
C.  Slonczewski  for  the  Physics  chapter.  He  also  appreciates  the  use  of  the  collection  of  bubble 
patents,  and  the  many  interesting  discussions  with  Jack  Stanland.  He  gratefully  acknowledges  the 
artistic  and  technical  contribution  of  R.  Feder  and  E.  Spiller  for  the  scanning  electron  micrograph, 
used  on  the  dust  jacket  and  paperbound  cover,  of  a  bubble  device  pattern  (1  jim  linewidth,  1  in n 
depth)  produced  by  x-ray  lithography.  It  is  my  great  pleasure  to  thank  Linda  Schroeder  and 
Marion  Gulick  whose  amiable  and  efficient  assistance  enabled  the  author  to  improve  the  writing 
through  several  revisions  and  to  achieve  reasonable  uniformity  in  the  entries  in  the  Bibliography; 
and  Linda  Callahan  of  the  Technical  Manuscript  Center  for  the  final  typing  of  this  manuscript. 
And  last  but  not  least,  the  acquiescence  of  my  wife  Janet  and  tolerance  by  my  children  Primalia, 
Grace  and  Philip  of  this  evening-and-weekend  folly  of  mine  must  be  acknowledged. 
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No  one  knows  by  what  device?” 
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Genesis 

1.1  Genesis 

In  1966,  the  Technical  Program  Committee  for  the  1967  International  Magnetics  Conference  got 
wind  of  some  very  interesting  memory  and  logic  devices  being  investigated  at  the  Bell  Telephone 
Laboratories  with  the  participation  of  the  Nobel  Laureate,  W.  Shockley.  Dr.  Shockley  was  invited 
to  lecture  at  the  INTERMAG  with  the  hope  that  he  might  illuminate  on  the  subject.  A  very 
stimulating  lecture  was  indeed  delivered  by  Dr.  Shockley  at  the  conference.  However,  the  subject 
matter  was  "Mental  Tools  for  Scientific  Thinking  with  Applications  to  Magnetics,"  rather  than  the 
very  interesting  memory  and  logic  devices.  In  the  very  same  year,  Bobeck  published  in  the  Bell 
System  Technical  Journal  an  article  on  "Properties  and  Device  Applications  of  Magnetic  Domains 
in  Orthoferrites,"  [67B].  The  paper  gave  a  very  succinct  and  insightful  description  of  the  proper¬ 
ties  of  cylindrical  domains  in  uniaxial  magnetic  platelets,  but  only  described  briefly  (perhaps  just 
alluded  to)  the  "storage,  transmission,  interaction,  and  replication"  of  information  using  cylindrical 
domain  devices.  The  subject  matter  of  the  paper  was  also  presented  in  an  invited  paper  by  Bobeck 
at  the  1968  INTERMAG.  But,  by  and  large,  it  escaped  the  public  notice. 

The  real  debut  of  bubble  domain  devices  took  place  in  1969  when  Bobeck  was  invited  back  to 
INTERMAG  to  update  his  story  on  cylindrical  domains.  This  time  he  showed  a  12-minute  movie 
which  vividly  demonstrated  bubble  propagation  to  construct  a  shift-register  storage  device,  the  use 
of  bubble  interaction  by  magnetostatic  forces  to  perform  logic  functions,  and  bubble  generation, 
replication,  annihilation,  etc.,  which  are  needed  to  implement  memory  systems.  Several  companion 
papers  on  bubble  domains  were  also  presented  by  his  colleagues.  The  technical  community  was 
sufficiently  excited  and  convinced  that  something  interesting  and  significant  was  indeed  in  the 
making. 

Note:  [References]  are  given  in  the  Bibliography  starting  on  p.  621.  Underlined  references  are  included  in  the  reprint  sections  of  this  volume. 
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This  technical  interest  was  soon  augmented  by  business  interest  when  both  the  Wall  Street  Journal 
and  New  York  Times  described  the  bubble  device  as  a  possible  contender  for  electronic  files  to 
replace  mechanical  disk  files.  The  stories  appeared  on  August  8,  1969,  when  U.  S.  Patent 
3,460,1 16  was  issued  the  day  before,  which  described  "Magnetic  Domain  Propagation  Circuit" 
invented  by  A.  H.  Bobeck,  U.  F.  Gianola,  R.  C.  Sherwood,  and  W.  Shockley. 

1 .2  Case  History  Studies 

To  relate  the  bubble  technology  to  its  technological  and  scientific  background,  the  readers  are 
referred  to  a  report  "Solid  State  Physics  and  Magnetic  Bubble  Technology”  by  A.  Clogston  [72C] 
of  Bell  Telephone  Laboratories,  which  was  submitted  to  the  National  Academy  of  Sciences  in 
1970,  as  part  of  a  survey  of  the  status,  opportunities  and  problems  of  physics  in  the  United  States. 
The  report  was  intended  to  demonstrate  how  research  conducted  for  many  years  in  search  of  a 
basic  understanding  of  magnetism  was  able  to  provide  the  essential  key  to  a  new  and  important 
technology. 

The  Clogston  story  is  one  of  seven  case  history  studies  pertaining  to  the  Physics  of  Condensed 
Matter  (Chapter  IV)  in  The  Physics  Survey  Committee  report,  as  published  in  the  book  ''Physics 
in  Perspective",  vol.  II,  pt.  A,  The  Core  Subfields  of  Physics ,  National  Academy  of  Sciences, 

V 

Washington,  D.  C.  (1972).  The  subject  matters  of  the  other  case  history  studies  include  transis¬ 
tors,  superconductors  for  power  generation  and  transmission,  lasers,  Gunn  effect  and  avalanche- 
transit  diodes,  superconductive  electron  tunneling,  and  reversible  beam-addressable  memories. 

The  general  conclusions  as  drawn  from  these  case  history  studies  are  reproduced  below  (from  p. 
463  of  "Physics  in  Perspective"): 

1.  Significant  inventions  almost  always  result  from  some  practical  need  that  finds  a  solution  in 
the  body  of  existing  science. 

2.  The  necessary  science  is  built  up  most  efficiently  by  scientists  who  are  concerned  with 
extending  accurate  knowledge  of  nature.  The  emphasis  should  be  on  supporting  excellence 
and  not  on  an  impossible-to-predict  relevance. 

3.  Occasionally  new  science  accumulates  so  quickly  in  some  area  that  it  outruns  the  state  of  the 
art  and  forms  the  basis  of  altogether  new  technologies.  This  process  is  also  unpredictable  but 
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very  important  when  it  occurs. 

4.  Science  sometimes  is  converted  to  useful  ends  very  quickly,  but  more  often  it  will  take  10  to 
20  years  for  a  scientific  result  to  assume  economic  value. 

5.  Exploitation  of  a  new  invention  usually  requires  the  development  of  ancillary  technology— for 
example,  high-purity  and  controlled-composition  single  crystals  in  the  case  of  the  transistor. 
This  ancillary  technology  depends  also  on  the  existing  state  of  basic  knowledge.  Many 
inventions  have  lain  fallow  for  years  because  the  state  of  science  did  not  permit  the  develop¬ 
ment  of  ancillary  technologies. 

6.  Development  effort  requires  many  subsidiary  decisions  as  to  the  proper  direction  in  which  to 
proceed.  The  development  process  consists  of  many  branch  points,  each  of  which  requires 
the  prediction  of  the  most  likely  outcome  of  proceeding  in  alternative  directions.  The  wisdom 
and  discrimination  with  which  these  branch-point  decisions  can  be  made  is  highly  dependent 
on  the  state  of  basic  scientific  knowledge  in  the  general  area.  Thus  the  economy  and 
efficiency  of  the  development  process  are  strongly  dependent  on  the  state  of  science,  even 
when  science  does  not  appear  directly  as  an  input  to  the  technology  developed.  The  most 
likely  result  of  lagging  basic  science  is  an  increasingly  inefficient  and  costly  development 
process. 


1 .3  Bubble  Chronology 


Table  1.1 


CHRONOLOGY  OF  BUBBLE  TECHNOLOGY  (’67  -  ’73) 


Background 

1956  Garnet  discovery 

1959  Bubble  and  serpentine  domains  observed  in  magnetoplumbites  and  orthofer¬ 
rites 

CVD  technique  (FeO  on  MgO  by  Cech  and  Alessandrini  of  GE) 

1963  LPE  technique  (GaAs  film  by  Nelson  of  RCA) 

Also  domain-propagation  devices  in  NiFe:  along  easy-axis  (’59),  along  hard- 
axis  (’60),  along  prescribed  channel  (’66),  above  ferrite  "waffle  iron"  (’66). 
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Chronology 

>  1967  Bubble  devices  (transmission,  replication,  interaction)  using  orthoferrites. 

1968  Conductor-access  shift  registers  (3<£,  2<£;  ID,  2D) 

1969  Field-access  devices 
Bubble  lattice  in  Co  foil 

1970  Decoders 
Major/minor  loops 
Coincident  selection 
Magnetoresistive  sensors 
Bulk  crystal  garnets 
CVD  garnet  films 

1971  Dynamic  ordering 
LPE  garnet  films 

1972  Laser  beam  manipulation  of  bubbles 

50-step  lateral  expander/magnetoresistive  sensor 
Ion-implanted  device  structures 

108  bit/in2  density  devices  based  on  electron-beam  lithography 

1973  Single-level-masking  devices 

106  bit  memory  module  using  104  bit  chips 

Amorphous  GdCo  Films 

Demonstration  of  high  yield  (70  percent)  in  (Sm,Y)3  (Ga,GeFe)5012. 

A  condensed  chronology  of  the  bubble  technology  (’67  -  ’73)  is  given  in  Table  1.1.  It  shows 
substantial  progress  since  Clogston’s  1970  report.  To  correlate  with  the  general  conclusions  as 
quoted  in  Sec.  1.2,  we  note  that: 

1.  The  practical  need  is  the  replacement  of  inexpensive  mechanical-access  storage  devices  with 
inexpensive  electronic-access  storage  devices.  The  significant  invention  as  drawn  from  the 
existing  science  is  the  isotropic  propagation  of  domains  in  uniaxial  magnetic  platelets 
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(invented  in  ’66,  and  published  in  ’67). 

2.  The  necessary  science  dated  back  to  the  early  1930’s  if  one  considers  Snoek’s  work  on 
ferromagnetic  and  ferrimagnetic  oxides  to  be  the  forerunner  of  bubble  materials;  or  at  least 
back  to  1956  when  garnets  and  orthoferrites  were  discovered. 

3.  The  early  efforts  on  materials  drew  heavily  from  the  existing  body  of  knowledge,  as  eviden¬ 
ced  by  the  references  in  early  bubble  papers  to  Von  Aulock’s  "Handbook  of  Microwave 
Ferrite  Materials".  However,  the  surprising  discovery  of  uniaxial  anisotropy  in  cry stallograph- 
ically  cubic  garnet  materials  (’70)  and  their  epitaxial  growth  by  chemical  vapor  deposition 
(’70)  or  liquid  phase  epitaxy  (’71)  certainly  outran  the  state  of  the  art.  The  discovery  in  ’72  of 
uniaxial  anisotropy  (magnetic  order)  in  amorphous  GdCo  and  GdFe  films  (crystalline 
disorder)  is  even  more  surprising.  These  unpredicted  but  nevertheless  important  develop¬ 
ments  open  up  and  demand  scientific  studies  in  new  areas.  From  the  technology  viewpoint, 
the  original  bubble  devices  (e.g.,  three-phase  current-loop  shift  registers,  and  wire-matrix 
random-access  memory)  bear  much  resemblance  to  ferrite-core,  and  permalloy  wire  and  film 
devices.  However,  the  recognition  of  propagation,  replication,  annihilation,  and  interaction 
capabilities  in  bubble  media  soon  led  to  self-contained  memory  chips  (major/minor  loops  and 
decoders),  and  various  switch  and  logic  devices. 

4.  The  active  conversion  of  the  science  associated  with  the  uniaxial  materials  to  the  technology 
of  bubble  devices  was  initiated  in  1966.  The  rapid  and  substantial  progress  made  so  far 
indicates  that  the  technology  may  well  show  economic  value  between  1976  and  1986. 

5.  The  ancillary  technologies  needed  for  the  bubble  technology  are  many:  single-crystal 
epitaxial  films  of  high  quality  and  controlled  composition,  permalloy  film  technology,  photon 
and  electron-beam  lithographies,  etc.  Fortunately,  the  active  pursuit  of  the  transistors, 
microwave  devices,  and  permalloy  film  memories  has  helped  the  ancillary  technologies  mature 
by  the  time  they  were  needed  by  the  bubble  technology. 

6.  There  have  been  many  branch  points  in  the  course  of  bubble  technology  development.  In  the 
materials  area,  they  are  the  choices  between  bulk  orthoferrites  and  bulk  garnets;  CVD  garnet 
films  and  LPE  garnet  films;  epitaxial  garnet  films  and  amorphous  GdCo  films;  etc.  In  the 
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device  configuration  area,  they  are  the  choices  between  conductor-access  devices  and 

field-access  devices;  major-minor  loops  and  on-chip  decoders;  T-bar  patterns,  Y-bar  patterns, 

^  ■■ 

X-patterns  and  chevron  patterns;  etc.  In  the  device-structure  processing  area,  they  are  the 
choices  between  subtrative  and  additive  metallurgies  for  overlay  deposition;  photon  and 
electron-beam  lithographies  for  pattern  shaping;  permalloy  deposition  and  ion  implantation 
for  magnetic  patterns;  etc.  The  state  of  the  basic  scientific  knowledge  has  indeed  helped  the 
decision  making.  However,  the  engineering  and  economical  objectives,  which  require  the 
synthesis  and  evaluation  of  all  components  in  order  to  ensure  technically  feasible  and 

economically  attractive  overall  system,  quite  often  dictate  the  course  of  scientific  research. 

/ 

While  the  general  conclusions  are  valid  and  valuable,  there  are  other  ingredients  essential  for  the 
success  of  a  new  technology  which  are  related  more  to  entrepreneurship,  engineering,  and 
management  than  to  science: 

( 1 )  Choosing  a  Versatile  Technology 

No  technology  can  be  better  than  its  intrinsic  capabilities  for  potential  applications,  with  or 
without  profound  scientific  understanding.  The  vigorous  pursuit  of  solid-state  physics  during 
the  past  two  decades  have  yielded  an  ever-expanding  supply  of  physical  phenomena  ready  for 
applicational  exploitation.  However,  there  are  a  number  of  technologies  well  established  to 
answer  the  needs  of  communications,  computers,  consumer  electronics,  signal  processing,  etc. 
A  new  technology  must  surpass  an  established  technology  in  performance  and  economy,  or 
offer  novel  functional  capabilities.  The  necessary  investment  required  by  a  new  technology  is 
high,  and  the  results  are  not  quite  predictable.  Under  such  circumstances,  the  closest  to  a  sure 
bet  on  a  new  technology  is  its  versatility. 

Bubble  devices  offer  self-contained  memory  chips  amenable  to  low-cost  batch  fabrication;  a 

range  of  densities  and  modular  designs  suitable  for  a  range  of  products;  and  in  addition, 

\ 

switch,  logic,  and  image  processing  capabilities  useful  for  new  applications. 

(2)  Setting  Objective 

Shockley  has  attributed  the  invention  and  development  of  transistors  at  Bell  Laboratories  to 


8 


CHAPTER  I.  GENESIS 


Mervin  J.  Kelly’s  (Director  of  Research  and  later  President  at  Bell  Labs)  persistent  desire  "to 
take  the  relays  out  of  telephone  exchanges  and  to  make  the  connections  electronically". 

In  the  case  of  the  bubble  technology,  a  major  motivation  has  been  the  desire  to  replace  the 
low-cost  large-capacity  mechanical-access  magnetic  storages  with  low-cost  large-capacity 
magnetic-access  bubble  storages.  Chaudhari,  Cuomo,  and  Gambino,  the  inventors  of 
amorphous  uniaxial  films,  have  attributed  their  invention  to  the  persistent  question  of  Ralph 
Gomory,  Director  of  Research  at  IBM,  to  achieve  solid-state  files  cheaper  than  disk  files. 
Bobeck,  in  discussing  the  invention  of  single-level-masking  bubble  devices,  gave  credit  to 
Derek  Scovil  who  had  insisted  that  it  was  not  violating  nature’s  laws  to  reduce  the  overlay 
masking  steps  from  3  to  2  to  1. 

(3)  "Creative-Failure  Methodology"  and  "Research  on  the  Scientific  Aspects  of  Practical 
Problems" 

These  phrases  are  borrowed  from  Shockley’s  description  of  the  basic  research  which  led  to  the 
invention  of  transistors. 

When  the  hard  bubble  phenomena  were  first  observed,  they  must  have  been  a  real  scare  for  the 
technologists.  Not  all  bubbles  moved  with  the  same  velocity,  and  some  bubbles  would  not  even 
stay  on  the  permalloy  path.  Studies  of  these  failures  led  to  the  understanding  that  not  all  bubbles 
have  the  simple  Bloch  wall.  All  the  "anomalous"  phenomena  can  be  accounted  for  by  the  real  wall 
configurations  of  the  bubbles.  This  understanding  gave  rise  to  several  practical  methods  of 
eliminating  hard  bubbles,  and  improving  mobility. 

(4)  Open  Communication 

Credits  must  be  given  to  the  various  corporations,  starting  with  Bell  Telephone  Labs.,  for  follow¬ 
ing  a  policy  of  prompt  publication  of  research  and  development  results.  The  publications  some¬ 
times  follow  closely  the  issuance  of  patents,  and  sometimes  right  after  the  filing  of  patent  applica¬ 
tions. 

Many  significant  advances  were  first  reported  in  Applied  Physics  Letters,  a  bimonthly  publication 
which  has  much  less  delay  than  the  usual  technical  journals.  The  two  annual  conferences, 
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INTERMAG  in  April  and  Magnetism  and  Magnetic  Materials  Conferences  in  November,  have 
provided  the  forum  for  reporting  latest  findings  as  well  as  well-organized  review  sessions  for 
synthesis  and  critique.  In  a  society  of  free  enterprise  where  trade  secrets  are  needed  for  business 
protection,  it  is  heartening  to  see  the  open  communication  which  has  minimized  repetition  and 
encouraged  healthy  competition. 
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Devices 


2.1  Introduction 

Any  memory  or  storage  must  have  the  basic  capabilities  of  clear,  write,  read,  access,  and  detection. 
Any  information  processing  system  must  have,  in  addition,  the  capabilities  of  switching  and  logic. 

Various  remanent  magnetic  states  (domains  and  wall  structures)  are  useful  for  information  storage. 
The  controlled  annihilation  of  bubbles  enables  clear.  The  controlled  generation  of  new  bubbles 
enables  write.  The  controlled  replication  of  bubbles  enables  non-destructive  read.  Means  of 
access  is  provided  by  propagating  bubbles  along  a  prescribed  path  linking  clear,  write  and  read 
stations.  Note  that  these  manipulations  all  involve  moving  domains,  and  the  controls  can  all  be 
exercised  by  a  local  magnetic  field. 

Three  methods  of  moving  bubbles  have  received  more  attention  than  others.  The  first  actuates 
bubble  motion  by  moving  magnetic  poles  induced  on  permalloy  patterns.  The  second  actuates 
bubble  motion  by  moving  field  gradients  induced  by  current'  loops.  The  third  induces  expansion 
and  contraction  of  bubbles,  and  provides  means  of  impeding  bubble  wall  motion  in  one  direction, 
and  thus  forcing  unidirectional  bubble  motion  in  the  other.  Complete  memory  arrays  have  been 
constructed  using  the  first  two  methods,  and  device  operation  demonstrated  for  the  third. 

Many  physical  phenomena  are  useful  for  bubble  detection;  for  example,  Faraday-Lenz  induction, 
Faraday  and  Kerr  magneto-optic  effects,  Hall  effect,  magnetoresistive  effect,  etc.  At  present,  the 
magnetoresistive  effect  has  gained  popular  use  because  of  its  simplicity  in  implementation  and 
compatibility  with  bubble  manipulations.  It  is  of  great  importance  to^point  out  that  signal  can  be 
amplified  on  bubble  chip  without  sacrifice  of  data  rate,  access  time,  and  with  only  modest  use  of 
space. 

Note:  Underlined  references  are  included  in  the  reprint  sections  of  this  volume. 
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Isolated  bubbles  are  only  stable  in  the  presence  of  a  bias  field.  A  permanent  field  can  be  provided 
by  magnetostatic  or  exchange  coupling  using  simple  structures,  thus  ensuring  non-volatility.  In 
field-access  devices,  driving  coils  are  needed.  Both  the  means  for  bias  field  and  driving  field 
encumber  chip  and  packaging  designs  when  compared  with  the  semiconductor  integrated-circuit 
chip  and  packaging.  Continued  evolution  is  expected  to  improve  these  aspects. 

The  switching  capability  has  made  bubble  domain  devices  far  superior  to  other  serial-access 
devices.  In  memory  applications,  (Sec.  3.2),  chip  configurations  such  as  on-chip  decoders, 
major-minor  loops,  dynamically-ordered  shift  registers,  and  a  coincident  selection  scheme  have 
provided  decoding  capability,  short  access  and  latency  times  at  very  low  interconnection  and 
circuit  counts,  and  faster  access  to  more  frequently  used  data.  Other  applications  such  as  autono¬ 
mous  line  scanner  and  cross-bar  switching  have  also  been  proposed  (Sec.  3.9). 

The  magnetostatic  repulsion  between  bubbles  allow  data  streams  to  interact  and  thus  perform  logic 
functions.  While  the  industry  is  devoting  all  its  energy  to  memory  applications,  several  classes  of 
bubble  logic  devices  have  been  proposed  and  a  conceptual  exercise  of  structuring  an  all-bubble 
logic  processor  has  been  performed  (Sec.  3.10).  Given  the  similarity  between  the  bubble  memory 
and  logic  device  cells,  the  question  is  not  so  much  in  the  hardware  realizability,  but  more  in  what 
system  configurations  to  be  used  and  practical  advantages  to  be  gained. 

This  chapter  consists  of  the  following  sections: 

2.2  The  bubble  and  serpentine  domain  phenomena  as  relevant  to  the  devices  under  considera¬ 
tion  in  Chapter  2  are  reviewed.  Other  phenomena,  as  well  as  analyses  and  quantitative 
information  are  covered  in  Chapter  4. 

2.3  Basic  functions  needed  for  a  memory  are  outlined:  storage,  access,  read,  clear  and  write. 

2.4  Discrete  permalloy  patterns  when  subjected  to  a  rotating  planar  field  can  execute  all 
essential  functions  needed  in  a  memory  array. 

2.5  Current  loops  can  also  effect  bubble  propagation  as  well  as  derive  other  functions.  The  use 
of  external  permalloy  patterns  or  internal  structures  in  the  storage  medium  can  simplify  the 
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current  loops  from  3  phases  to  2  phases  to  even  1  phase. 

2.6  A  normal  oscillating  field  causes  bubbles  to  expand  and  contract.  Again  with  external 
permalloy  patterns  and  internal  structures,  directionality  can  be  assured,  and  all  device 
functions  are  achievable. 

2.7  Many  interesting  ideas,  not  in  the  main  line  of  pursuit  at  present,  have  been  described  in 
the  patent  literature  and  published  papers.  This  section  samples  some  of  the  coding  and 
propagation  ideas. 

2.8  Various  detection  methods  are  reviewed,  with  emphasis  on  the  magnetoresistive  detectors. 

2.9  Two  simple  schemes  for  achieving  non-volatility  are  described. 

2.10  Bubble  switches  are  based  on  field  control,  conductor  control,  or  domain  control. 

2.11  Basic  components  for  bubble  signal  transmission  are  described,  which  include  idler, 
cross-over,  compressor,  fan-in  and  fan-out,  switch,  complementary  data  streams,  ID,  2D 
and  3D  transmissions,  etc. 

2.12  Five  classes  of  logic  devices  are  described:  programmable  cellular  logic,  field-access  bubble 
devices,  resident-bubble  cellular  logic,  symmetric-switching-function  and  threshold 
logic,  and  array  logic. 


2.2  Bubble  and  Serpentine  Domains 


Basic  to  bubble  domain  devices  is  the  existence  of  bubble  domains  in  uniaxial  magnetic  films  over 
a  range  of  bias  field. 


Figure  2.2.1  defines  the  configuration  of  a  bubble  domain.  It  is  a  cylindrical  region  in  a  film  or 

platelet  with  magnetization  perpendicular  to  the  film  plane  arid  opposite  to  that  in  the  surrounding 

region.  This  configuration  is  achieved  when  the  film  has  uniaxial  magnetic-  anisotropy  to  orient  the 

15 


MAGNETIC  BUBBLE  TECHNOLOGY 

magnetization  perpendicular  to  the  film  plane,  has  sufficiently  low  magnetization  to  prevent  the 
demagnetizing  field  from  forcing  the  magnetization  into  the  plane,  and  has  a  bias  field  opposite  to 
the  bubble  magnetization  direction  to  prevent  bubbles  from  running  out  into  serpentine  domains. 
In  the  absence  of  the  bias  field,  interwoven  serpentine  domains  with  opposite  magnetizations 
constitute  a  demagnetized  state,  which  is  a  stable  minimum-energy  configuration. 

A  quantitative  description  of  the  phenomena  must  be  based  on  the  detailed  analysis  of  the  various 
energy  terms  associated  with  a  bubble  domain.  See  Sec.  4.3.  However,  qualitatively  speaking,  the 
domain  wall  tends  to  contract  its  length  so  as  to  lower  the  wall  energy,  the  magnetostatic  field 
tends  to  expand  the  bubble  so  as  to  achieve  a  demagnetized  state  with  lower  magnetostatic  energy, 
and  the  bias  field  tends  to  shrink  the  bubble  since  it  is  opposite  to  the  magnetization  in  the  bubble. 
Typical  dependence  of  bubble  diameter  on  the  bias  field  magnitude  is  shown  in  Figure  2.2.2.  The 
median  bias  field  is  on  the  order  of  one  quarter  the  saturation  magnetization  (4wMs).  The  bubble 
diameter  varies  by  a  factor  of  3  over  the  permissible  field  range. 

BIAS  FIELD  (Hh) 

t  -i2rb|- 


(mils) 

Fig.  2.2.2  Cylindrical  Domain  radius  (r)  as  a  function  of  an  applied  bias  field  (Hb)  in  a 
2.3  mil  thick  TmFe03  platelet  (after  Bobeck,  [67B] ,  Fig.  16). 

A  pictorial  description  of  domain  configurations  as  a  function  of  bias  field  in  an  orthoferrite 
platelet  is  shown  in  Figure  2.2.3.  At  zero  bias  field,  a  few  serpentine  domains  fold  back  and  forth 
to  yield  a  completely  demagnetized  state.  The  black  and  white  regions  represent  magnetizations 
pointing  into  and  out  of  the  plate  respectively.  The  direction  of  the  bias  field  is  such  as  to  expand 
the  white  region.  As  the  field  is  increased,  the  serpentine  domains  shrink  to  dog-bone  domains  and 
then  to  bubble  domains.  If  the  bias  field  were  increased,  beyond  Hbias  =  37  Oe,  the  bubbles 
would  collapse  and  the  saturated  orthoferrite  plate  would  have  to  be  demagnetized  (for  example, 
by  being  heated  up  beyond  its  Curie  temperature  and  then  cooled  down)  in  order  to  regain’ 
serpentine  or  bubble  domains.  However,  if  the  bias  field  is  decreased  before  saturation,  bubbles 
will  stretch  into  serpentine  domains. 
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(g)  24.6  oe  (h)  26.5  oe  (1)  2s.ooe 


(j)  37.0  oe 


(k)  27.0  0e  (U  ZERO  FIELD 


Fig.  2.2.3  Bubble  and  serpentine  domain  configurations  as  a  function  of  bias  field. 
Pictures  are  obtained  by  the  Faraday  magnetooptic  effect  in  a  2.3  mil  thick  TmFe03 
platelet.  Sample  originally  demagnetized  (a).  Field  applied  normal  to  the  surface,  first 
increased,  then  decreased.  Note  at  (g)  that  the  strip  in  the  upper  left-hand  corner 
became  a  cylindrical  domain.  This,  and  the  other  cylindrical  domains  which  formed, 
reduced  in  size  until  (j)  when  three  of  five  collapsed.  As  the  field  is  decreased  the 
remaining  two  bubbles  open  into  strips  (k)  and  eventually  grow  to  fill  the  entire  platelet 
(1).  (after  Bobeck,  [67B] ,  Fig.  17). 
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In  comparison  to  the  bias  field  needed  to  maintain  stable  bubbles,  the  initial  nucleation  field  is 
much  higher  while  the  wall  motion  field  is  much  lower.  The  nucleation  can  be  achieved  by  several 
means:  local  high  reverse  field,  thermal  demagnetization,  local  imperfections  to  lower  nucleation 
threshold,  etc.  Once  the  nucleation  is  accomplished  locally,  the  entire  plate  will  demagnetize.  This 
behavior  is  summarized  in  Figure  2.2.4. 


Fig.  2.2.4  Hysteresis  loop  in  bubble  materials.  Materials  for  bubbles  combine  low  magnet¬ 
ization  (M)  and  low  coercivity.  If  even  a  small  region  of  wafer  can  be  caused  to 
magnetize  in  the  reverse  direction,  at  either  nucleation  point,  the  entire  wafer  will 
quickly  demagnetize.  The  neutral  wafer  will  then  break  up  into  strip  domains  at  S  (or 
S').  If  a  small  external  magnetic  field,  -H,  is  applied,  a  bubble  (or  bubbles)  will  begin  to 
form  at  B  and  persist  until  the  field  reaches  the  value  C,  whereupon  the  bubble  will 
collapse.  The  exact  path  depends  on  the  specific  domain  configuration.  When  the 
demagnetizated  wafer  is  driven  in  the  opposite  direction  by  a  positive  field  (+H),  the 
sequence  moves  up  the  hysteresis  loop  from  S*  to  Br  to  C\  (after  Bobeck  and  Scovil, 

[7  IBS]). 

Several  features  of  the  bubble  and  serpentine  domains  are  noteworthy  for  device  applications: 


A.  Stable  bubbles  exist  over  a  range  of  bias  field. 

B.  A  bubble  can  be  stretched  by  lowering  the  bias  field  for  further  manipulation  (for  example, 
splitting  or  replication). 

C.  A  bubble  can  be  annihilated  by  raising  the  bias  field. 

D.  The  high  nucleation  field  prevents  spurious  information  generation  while  the  low  wall-motion 
field  does  not  hinder  domain  movement. 

Although  Bobeck’s  paper  [67B]  specifically  refers  to  "orthoferrites",  the  general  phenomena  as 
well  as  analytical  description  also  apply  to  garnets  and  other  uniaxial  single  crystals.  As  will  be 
discussed  in  Chapter  IV,  a  refined  analysis  by  Thiele  [69T]  yields  detailed  quantitative  relationship 
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to  guide  compatible  design  of  magnetic  materials  and  devices.  However,  Bobeck’s  analysis  [67B] 
has  conveyed  admirably  well  the  physical  insight  and  the  essence  of  quantitative  relationships. 

2.3  Basic  Functions  for  Memory  Devices 

A  memory  must  have  not  only  the  ability  to  store  information,  but  also  provide  access  capability 
for  write  and  read  at  a  selected  storage  location.  The  various  functions  required  for  a  memory  chip 
are  categorized  below.  Different  device  structures  are  described  in  Secs.  2.4  through  2.6,  and 
memory  organizations  in  Sec.  3.2. 

Storage 

ONE  and  ZERO  can  be  represented  by  the  presence  or  absence  of  a  bubble  at  a  given  site;  by  the 
presence  of  a  bubble  in  the  ONE  track  or  ZERO  track  in  a  dual-track  propagation  channel  (see 
Sec.  2.5);  by  two  different  domian  wall  configurations  such  as  described  in  Sec.  4.5;  or  by  the 
presence  or  absence  of  interdomain  spacing  (see  Sec.  2.7). 

Propagation ,  Access ,  and  Data  Organization 

Bubbles  are  propagated  by  a  field  gradient  as  supplied  by  a  field-activated  permalloy  pattern  (Sec. 

2.4);  or  current-activated  conductor  loop  (Sec.  2.5);  or  by  an  energy  gradient  such  as  the  angelfish 
devices  (Sec.  2.6).  The  facility  for  data  access  depends  on  the  memory  organization  (Sec.  3.2). 

Read  and  Detection 

A  bubble  can  be  read  non-destructively  by  detection  means  such  as  the  magnetoresistive  effect, 
the  Hall  effect,  or  the  magneto-optic  effects  (see  Sec.  2.8).  Even  when  the  detection  method  is 
destructive  (e.g.,  the  inductive  method),  a  bubble  can  be  split  first,  preserving  one  half  while 
permitting  the  other  half  for  various  manipulations.  A  bubble  can  also  be  elongated  before 
detection  to  amplify  the  signal. 

Clear 

An  information  bit  in  the  form  of  a  bubble  can  be  cleared  by  the  annihilation  of  the  bubble;  by 
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merging  the  bubble  with  a  bubble  attached  to  a  permalloy-pattern  bubble  sink;  or  by  shuffling  the 
bubble  across  a  permalloy  wall  out  of  the  memory  array  area  into  a  bubble  heaven. 

Write 

An  information  bit  in  the  form  of  a  bubble  can  be  created  by  splitting  from  a  ’’mother”  bubble 
with  the  aid  of  permalloy  patterns  and/or  current  loops,  or  by  nucleating  a  new  bubble  with  the 
aid  of  a  current,  sometimes  aided  by  a  permalloy  pattern. 


2.4  Field  Access  Devices  — Rotating  Planar  Field 

2.4.1  Field  Access 

Field  access  devices  refer  to  devices  in  which  the  bits  can  be  accessed  by  permalloy  patterns 
universally  actuated  by  a  rotating  field,  rather  than  by  electrical  conductors  individually  linking  the 
bits.  Field  access  devices  utilize  bubble  propagation  guided  by  permalloy  patterns  for  access,  while 
conventional  electronic  devices  utilize  electromagnetic  wave  propagation  guided  by  conductors  for 
access. 

A  bubble  domain  can  be  considered  as  a  magnet.  It  is  subjected  to  the  influence  of  magnetic  field. 
One  method  to  provide  magnetic  field  to  attract  bubbles  is  to  place  permalloy  patterns  adjacent  to 
a  film  or  plate  containing  bubbles,  and  magnetize  the  permalloy  patterns  with  a  planar  field.  Refer 
to  Figure  2.4.1  which  simply  illustrates  the  attraction  between  magnetic  poles  of  opposite  polarity. 


+ 


Fig.  2.4.1  Bubble  domains  interact  with  magnetized  permalloy  overlay  and  underlay. 
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Note  that  the  planar  field  itself  does  not  directly  influence  the  bubble.  Typically,  hundreds  of 
Oersteds  are  required  to  orient  the  bubble  magnetization  into  the  plane,  while  tens  of  Oersteds 
suffice  to  magnetize  the  permalloy  pattern. 


Fig.  2.4.2  T-bar  propagation.  As  the  in-plane  field  rotates,  a  bubble  (considered  as  a 
negative  pole)  is  attracted  by  a  newly-magnetized  pole  on  permalloy  ahead  of  it  and 
repelled  by  a  newly-magnetized  negative  pole  on  permalloy  behind  it.  Thus  the  bubble 
will  move  until  it  reaches  the  new  positive  pole.  In  the  figure  the  field  rotates  clockwise 
to  propagate  the  bubbles  to  the  right,  (after  Perneski,  [69P] ,  Fig.  3). 

When  suitable  permalloy  patterns  are  subjected  to  a  planar  rotating  field,  the  induced  magnetic 

poles  will  appear  as  a  moving  train  of  poles  pulling  along  the  attracted  bubbles  (see  Figure  2.4.2). 

Note  that  a  permalloy  bar  is  magnetized  by  the  planar  field  along  its  long  direction  and  then 

emanates  field  perpendicular  to  the  film  or  plate.  The  gradient  of  this  perpendicular  field  is 

responsible  for  bubble  movement.  Bubbles  in  a  varying  but  uniform  field  will  only  contract  or 

expand,  but  not  move. 


Y 


ROTATING 

FIELD 


CORRESPONDING 
POSITIONS  OF  INDUCED 
POSITIVE  MAGNETIC 
CHARGES 

Fig.  2.4.3.  Device  understanding  can  be  facilitated  by  labelling  the  positions  of  induced 
positive  poles  on  permalloy  patterns  corresponding  to  rotating  field  directions. 
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Fig.  2.4.4  Traffic  flow  diagrams  for  T-bar  permalloy  overlay  or  underlay.  The  numbered 
positions  indicate  bubble  locations  at  field  directions  1,  2,  3,  and  4  respectively, 
(a)  Overlay,  clockwise  field  rotation;  (b)  Overlay,  counterclockwise  field  rotation; 
(c)  Underlay,  clockwise  field  rotation;  (d)  Underlay,  counterclockwise  field  rotation. 


It  is  convenient  to  adopt  a  set  of  notations  in  order  to  keep  better  track  of  device  operation  (see 
Figure  2.4.3).  The  notation  is  applied  in  Figure  2.4.4.  The  sequence  of  numbering  clearly  indicate 
the  directions  of  bubble  propagation  in  various  patterns.  Permalloy  patterns  may  be  used  as  either 
an  overlay  or  underlay.  The  field  may  be  rotated  either  clockwise  or  counter-clockwise.  These 
together  with  the  variations  in  permalloy  patterns  provide  great  flexibility  in  device  design. 


2.4.2  Evolution  of  Permalloy  Patterns 

Of  all  the  bubble  device  configurations,  field-access  devices  have  received  the  most  attention. 
They  have  undergone  several  stages  of  evolution. 

(A)  Self-Contained  Chips 

After  Perneski  [69P]  proposed  the  permalloy  patterns  for  the  generation,  propagation,  annihilation 
and  interation  of  bubbles,  the  various  elements  for  performing  all  the  memory  functions  as  detailed 
in  Sec.  2.3  were  evolved  and  reported  by  Michaelis  and  Danylchuk  [71MD]  for  the  major/minor 
loops  and  by  Chang  et  al.  [72CFLR]  for  the  on-chip  decoders. 

Considerable  efforts  have  also  been  directed  to  the  optimization  of  the  permalloy  patterns.  To 
facilitate  bubble  propagation  around  corners,  Y-bar  devices  were  evolved  (Danylchuk  [7  ID]. 
Chevron  patterns  (Bobeck  et  al  [72BFS])  then  came  into  use,  first  to  extend  device  operating 
margins,  then  to  permit  the  operation  of  3-3  logic  circuits  and  bubble  expander-detector.  The 
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evolution  of  permalloy  patterns  for  field-access  devices  at  present  has  culminated  in  the  selection 
of  the  following  device  configurations  for  a  20,510-bit  memory  chip  (Bonyhard  et  al. 
[73BGBCMS],  see  Sec.  3.2.1): 

T-Bar  minor  loops 

$-sign  transfer  gates  (Smith  and  Kish  [73SK],  see  Sec.  2.10,  Fig.  2.10.6) 

Nucleate  generator  with  chryron  merging  post  (Nelson  et  al.  [73NCG]) 

Chevron  replicator/ annihilator  (Bobeck  et  al.  [7 3BDRS]) 

Chevron  guardrail/expander/detector  (Bobeck  et  al.  [73BDRS]) 

( B )  Simpler  F abrication 

The  early  overlay  designs  used  thick  permalloy  for  the  propagation  and  manipulation  of  bubbles, 
thin  permalloy  for  magnetoresistive  detectors  (Almasi  et  al.  [71AKLT]),  and  conductors  for 
control,  resulting  in  three  levels  of  photomasking  and  difficult  alignment  of  critical  diminsions. 
Strauss  et  al.  [73SBC]  then  developed  herring-bone  (i.e.,  connected  chevrons)  magnetoresistive 
expander/detectors  which  are  of  the  same  thickness  as  the  propagation  permalloy  patterns,  thus 
reducing  the  photomasking  to  two  levels.  Finally,  Bobeck  et  al.  [73BDRS],  recognizing  that 
unconnected  permalloy  patterns  do  not  short-circuit  control  conductors,  and  conductors  overlap¬ 
ping  with  the  magnetic  patterns  affect  negligibly  the  magnetic  action,  have  designed  overlays 
which  need  only  one  photomasking  level.  Only  an  additional  crude  masking  (i.e.,  no  critical 
alignment)  is  required  to  cover  the  magnetoresistive  sensor  area  when  depositing  the  conductor. 


(C)  High  Density  and  Versatile  Functions 

Looking  into  the  future,  one  may  surmise  that  field-access  devices  will  continue  to  improve  in 
storage  density  and  functional  versatility.  Improved  materials  exhibiting  smaller  bubbles,  single 
photomasking  simplifying  fabrication,  and  electron-beam  lithography  yielding  finer  lines  will  all 
contribute  to  smaller  devices  and  higher  densities.  However,  all  the  field-access  devices  at  present 
are  using  permalloy  patterns  of  line  width  smaller  than  the  bubble  diameter.  The  device  density  is 
actually  limited  by  the  lithography  rather  than  by  the  storage  medium.  Hence  device  structures 
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which  use  fat  magnetic  patterns  to  manipulate  skinny  bubbles  will  help  improve  device  density 
(Wolfe  et  al.  [73WNJSVF]).  For  further  discussion,  refer  to  Chapter  6. 


For  memory  applications,  the  permalloy  patterns  evolved  to  date  are  for  the  propagation  and 
manipulation  of  non-interacting  bubbles.  As  will  be  discussed  in  Secs.  2.10  through  2.12,  some  of 
the  switch,  signal  routing,  and  logic  devices  require  the  manipulation  of  bubbles  which  are 
interacting  with  each  other.  Considerable  design  and  development  work  is  anticipated. 


Fig.  2.4.5  Y-Bar  propagate  element:  (a)  Geometry  of  a  Y-bar  propagate  element.  All 
dimensions  are  in  microns  (after  Danylchuk,  [71D]).  (b)  10^-step  Y-bar  shift  register— 
an  endless  loop  and  a  program  generator  (after  Danylchuk,  [71]).  (c)  Enlargement  of 
a  portion  of  (b)  (after  Bobeck  and  Scovil,  [71]  BS]). 


2.4.3  Design  of  Permalloy  Patterns 

The  design  of  permalloy  patterns  is  exemplified  by  Fig.  2.4.5,  which  gives  the  typical  proportions 
of  the  Y-bar  propagate  elements.  As  a  rule  of  thumb,  the  width  of  the  permalloy  bars  is  one  half 
the  bubble  diameter,  and  the  gap  between  permalloy  elements  is  equal  or  less  than  the  bar  width. 

The  selected  reprint  papers  for  this  book  contain  many  of  the  useful  patterns.  The  design  of  the 
permalloy  patterns  from  the  viewpoint  of  bubble-permalloy  interaction  will  be  discussed  in  Sec. 
4.7.  The  design  of  the  storage  medium  will  be  discussed  in  Sec.  5.2. 

Since  bubble  generation  by  nucleation  is  not  included  in  the  selected  reprints,  it  is  summarized 
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below.  Chen  et  al.  [73CGN]  nucleate  bubbles  in  garnet  films,  (YGdTm)3  (Ga  8Fe42)012(h0  = 
5.8/x,  /  =  0.63 /x,  4ttM  =  220G,  Hk  =  1520  Oe),  by  hairpin  conductors  (1.8 /x  above  film,  inside 
radius  =  4/x,  and  outside  radius  =  10/x).  The  nucleation  initiates  at  the  film  surface,  and  the  "half 

bubble"  thus  created  then  grows  through  the  film.  The  field  nucleation  process  is  much  faster  than 
other  methods  of  bubble  generation;  and  rates  well  above  1  MHz  are  indicated.  Ion  implantation 
for  hard  bubble  suppression  reduces  the  anisotropy  field,  thus  facilitating  nucleation. 

2.5  Conductor  Access  Devices 

The  earliest  bubble-domain  devices  were  implemented  with  current  loops  (see  U.S.  Patent 
3,460,116,  filed  September  16,  1966,  by  Bobeck,  Gianola,  Sherwood,  and  Shockley).  They 
include  one  dimensional  and  two  dimensional  shift  registers  as  well  as  a  random-access  arrange¬ 
ment.  To  shift  a  bubble  under  a  current  loop,  only  one  of  its  two  adjacent  current  loops  is 
activated  to  provide  a  field  gradient  to  move  the  bubble.  This  is  a  three-phase  drive  arrangement. 
In  Figure  2.5.1,  two  sets  of  three-phase  conductors  are  shown  to  enable  propagation  in  two 
dimensions. 


Fig.  2.5.1  Three-phase  two-dimensional  .shift  registers.  The  directionality  of  bubble 
motion  (in  one  dimension)  is  achieved  by  three-phase  current  drive  (after  Bobeck  et  al 
[69BFPRU],  Fig.  13). 

Directionality  can  also  be  provided  by  permalloy  dots.  In  Figure  2.5.2,  two-phase  current  loops 
are  used.  The  permalloy  dots  are  placed  so  that  bubbles  at  rest  are  already  positioned  asymmetri¬ 
cally  with  respect  to  their  residence  loops,  and  in  response  to  drive  field  will  move  in  one  direction. 
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OUTPUT 


Fig.  2.5.2  Two-phase  hybrid  shift  register.  The  two-phase  current  loops  provide  for 
propagation,  and  asymmetrical  arrangement  of  permalloy  dots  for  directionality  (after 
Bobeck  et  al.  [69BFPRU] ,  Fig.  16). 

When  a  bipolar  current  is  used,  the  two-phase  drive  can  be  further  simplified  to  one-phase  drive. 
Asymmetrical  arrangement  of  current  loops  or  permalloy  dots  is  used  to  obtain  directionality  (see 
Figure  2.5.3).  The  first  detailed  description  of  the  conductor-access  devices  is  given  by  Copeland 
et  al.  [71CEJR]. 


Fig.  2.53  Singe-phase  bipolar  drive  shift  registers.  (1)  The  Chevron  pattern  causes  linear 
propagation  by  distorting  the  domain  (a)  so  that  when  1=0  (b)  the  domain  extends  more 
into  the  lower  rather  than  the  upper  adjacent  loop.  (2)  Asymmetrical  permalloy  dot 
arrangement  can  also  offset  the  domain  into  only  one  adjacent  loop  when  1=0.  (after 
Copeland  et  al.  [71CEJR] ,  Figs.  2  and  3). 

The  evolution  of  the  conductor-access  device  structures  is  reflected  by  the  following  collection  of 
patents: 


The  serially-connected  current  loops  have  evolved  into  zigzag  or  sinusoidal  conductor  patterns  to 
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improve  packing  density,  to  increase  propagation  speed,  and  to  reduce  drive  current  (Bobeck  and 
Fisher,  U.S.  Patent  3,506,975). 

Copeland  (U.S.  Patent  3,631,413)  proposes  a  conductor  propagation  circuit  which  is  defined  by  a 
conductor  folded  back  and  forth  on  itself  to  form  a  chevron-type  pattern.  An  ac  drive  current 
alternates  the  domain  geometry  between  a  sausage  and  a  circular  shape,  thus  providing  unidirec¬ 
tional  motion. 

Two  wavy  conductors,  when  displaced  from  each  other  and  driven  alternately,  propagate  bubbles 
(Copeland,  U.S.  Patent  3,636,531). 

A  serpentine  conductor  with  ac  drive  causes  oscillation  of  bubbles.  The  presence  of  dc  current 
in  adjacent  serpentine  conductors  converts  the  oscillation  to  displacement  along  the  axis  of  the 
first  conductor  (Copeland,  U.S.  Patent  3,638,205). 

Owens  (U.S.  Patent  3,693,177)  also  proposes  a  wavy  conductor  to  provide  field  gradient,  and  a 
guidance  channel  in  the  bubble  medium  asymmetrically  located  with  respect  to  the  conductor,  to 
advance  bubbles. 

Copeland  (U.S.  Patent  3,699,548)  has  designed  conductor  patterns  to  facilitate  bubbles  to  turn 
corners  in  the  lateral-displacement-coding  propagation  circuit.  The  turns  eliminate  geometrical 
distortions  and  improve  operating  margins. 

A  write  feature  is  incorporated  into  the  propagation  circuitry  of  a  lateral  displacement  shift  register 
by  reducing  the  lateral  diminsions  of  the  serpentine  propagation  conductor  at  predetermined 
"write"  positions.  Enhancement  of  amplitude  of  a  selected  propagation  pulse  creates  a  lateral 
force  sufficient  to  displace  a  domain  at  such  a  position  to  a  side  of  the  channel  determined  by  the 
polarity  of  the  enhanced  pulse  (Copeland,  U.S.  Patent  3,711,840). 

The  development  of  the  conductor-access  devices  has  taken  place  in  parallel  with  the  field-access 
devices,  and  was  reported  in  a  series  of  papers  by  Copeland  and  his  colleagues  ([71CEJR],  [72C], 
[73CJS],  and  [73JNW]).  The  most  recent  description  of  the  device  structures  and  operation,  as 
well  as  structure  making,  are  summarized  below. 

Copeland  et  al.  [73CJS]  describe  device  structures  for  generation,  annihilation,  and  stretch  and 
sense  for  the  grooved-medium,  conductor-access  bubble  memory  chip,  and  their  operation.  They 
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also  report  a  first  model  of  a  highly  modular  design  suitable  for  both  large  and  small  memories, 
which  has  been  designed  and  partially  tested,  including  the  garnet  platelets,  assembly,  temperature 
tracking  magnet,  and  peripheral  electronics. 

Johnson  et  al.  [73JNW]  describe  the  formation  of  surface  structures  in  single-crystal  garnet  film  by 
selective  etching  of  localized  implanted  material.  The  groove  areas  are  defined  by  photoresist 
masks,  implanted  with  1016  He  ions  per  cm2  at  300  KeV.  The  implanted  and  hence  damaged  areas 
are  etched  in  phosphoric  acid  to  a  depth  of  0.8  fi  forming  16  /x  period  device  structures.  The 
unimplanted  areas  are  etched  only  at  1/2000  the  rate  of  the  implanted  area.  This  technique  is 
compared  with  the  chemical  etching  techniques,  and  ion  milling  techniques. 

To  compare  a  bubble  memory  module  with  a  semiconductor  memory  module,  the  former  (for  the 
field-access  devices)  is  more  complicated  in  packaging  because  the  bias  field  and  the  rotating  field 
require  respectively  permanent  magnets  and  current  coils.  Through  the  use  of  bias  layers  in 
intimate  contact  with  the  storage  medium  (see  Sec.  2.9),  the  permanent  magnet  assembly  is 
eliminated.  Although  conductor-access  devices  are  not  the  main  approach  in  bubble  memories  at 
present,  they  have  an  important  attribute:  no  need  for  drive  coils.  It  is  desirable  to  evolve  memory 
configurations  combining  the  advantageous  features  of  the  field-access  and  conductor-access 
devices:  viz.  block  movement  of  bits  by  a  few  on-chip  lines. 

2.6  Field  Access  Devices — Oscillating  Normal  Field 

Another  class  of  field-access  devices  utilize  an  oscillating  normal  field  to  vary  bubble  size.  When 
an  asymmetrical  structure  (e.g.,  a  series  of  permalloy  triangles,  as  demonstrated  by  Bobeck  et  al. 
[69BFPRB])  is  imposed,  the  movement  of  domain  walls  is  impeded  in  an  unidirectional  fashion  to 
result  in  unidirectional  shifting  of  bubble  domains.  Similarly,  etched  indentations  or  ion-implanted 
patterns  in  the  storage  medium  can  also  provide  unidirectional  bubble  motion.  In  a  series  of 
articles  by  Hayashi  et  al.,  the  indented  structures  have  been  analyzed  to  establish  design  criteria 
[71HCRK],  fabricated  and  operated  as  a  shift  register  [72HRCK],  and  configured  into  a  clearview 
display  and  printing  device  [72HC].  Switches  for  angel-fish  devices  have  been  described  by 
Bobeck  and  Della  Torre  (U.S.  Patent  3,523,286).  See  Sec.  2.10.2,  Fig.  2.10.4. 

Refer  to  Figure  2.6.1.  The  four  photographs  correspond  to  minimum,  maximum,  minimum,  and 

maximum  of  the  oscillating  normal  field  respectively.  The  bubble  area  is  maximum  at  minimum 
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bias  field,  and  vice  versa.  A  permalloy  pattern,  when  crossed  by  a  domain  wall,  provides  a  flux 
closure  path  from  one  side  of  the  wall  to  the  other,  and  thus  reduces  magnetostatic  energy.  From 
the  first  to  the  second  photograph,  the  bubble  contracts.  The  bubble  does  not  contract  its  leading 
wall  off  the  triangle  so  as  not  to  increase  energy  suddenly,  but  rather  contracts  the  trailing  wall  off 
the  pointed  end  of  a  triangle  accompanied  only  by  gradual  increase  in  magnetostatic  energy,  and 
then  into  the  adjacent  new  triangle  to  achieve  a  sudden  reduction  in  magnetostatic  energy.  Thus 
the  bubble  advances  in  the  pointed  direction  of  the  triangle  (clockwise). 


Fig.  2.6.1  Section  of  a  32-step  unidirectional  ring  permalloy -pattern  angelfish  register. 

Motion  is  clockwise,  (a)  Bias  filed  38  Oe,  (b)  44  Oe,  (c)  38  Oe,  (d)  44  Oe.  (after  Bobeck 
et  al.  [69BFRU] ,  Fig.  19). 

From  the  second  to  the  third  photograph,  the  bubble  expands.  The  bubble  does  not  expand  its 
trailing  wall  across  the  flat  edge  of  its  triangle  so  as  not  to  increase  magnetostatic  energy,  but 
expands  its  leading  wall  off  a  permalloy  triangle  gradually  increasing  energy  and  then  into  a  new 
triangle  suddenly  decreasing  energy.  From  the  third  to  the  fourth  photograph,  the  happening  is  a 
repetition  of  that  shown  in  the  first  to  the  second  photograph,  except  that  the  bubble  has  advanced 

one  triangle.  Note  that  each  bit  must  cover  three  triangles.  Also  note  that  when  a  permalloy 
triangle  is  entirely  enclosed  within  a  bubble,  it  is  not  affecting  the  magnetostatic  energy  of  the 
bubble. 

The  indentation  devices  work  in  a  similar  fashion,  with  the  exception  that  the  dominant  energy 
term  is  the  wall  energy  instead  of  the  magnetostatic  energy.  When  a  wall  crosses  an  indented 
triangle,  the  wall  energy  is  reduced.  A  domain  completely  encircling  an  indented  triangle  is  not 
affected  by  the  triangle.  In  Figure  2.6.2,  the  triangles  and  the  two  guide  rails  are  etched  indenta¬ 
tions.  From  (A)  to  (B)  as  the  bias  field  is  lowered  to  expand  the  bubble,  the  left  side  wall  does  not 
move  out  of  the  triangle  into  thicker  region  to  avoid  sudden  increase  in  wall  height  and  hence  wall 
energy.  Instead,  the  right  side  wall  moves  first,  gradually  increasing  wall  energy  as  it  moves 
beyond  the  triangle  base.  The  rest  of  the  figure  can  be  understood  by  similar  reasoning. 
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■(b)  19.2  Oe  (c)  16.7  Oe 

Fig.  2.6.2  Unidirectional  etched-groove  angelfish  register.  As  the  bubble  oscillates  in  size 
with  the  oscillating  bias  field,  the  asymmetrical  wall  energy  associated  with  the  asym¬ 
metrical  grooves  provides  the  unidirectionality  for  bubble  motion,  (after  Hayashi  et  al. 

[72HRCK] ,  Fig.  1). 

Figure  2.6.3  shows  the  sum  of  equivalent  wall,  magnetostatic,  and  applied  fields  acting  on  a 
"rectangular"  bubble  as  a  function  of  bubble  length  (x)  at  constant  bubble  width.  When  this  field 
sum  is  zero  (fx  =  0),  the  bubble  is  at  rest.  Hence  the  intercept  of  each  curve  on  fx  =  0  relates  the 
applied  field  H  to  stable  bubble  length  x.  As  the  applied  field  H  is  varied,  the  bubble  varies  its 
length.  In  Figure  b,  the  different  sequences  of  bubble  variation  corresponding  to  different  paths  of 
field  variation  are  shown. 


a  b  c 


(b) 

Fig.  2.6.3  Operation  of  clear- view  shift  register,  (a)  Broken  line-field  dependence  of 
bubble  length;  single  arrow-unidirectional  domain-wall  motion  of  bubble;  double 
arrow— bidirectional  domain-wall  motion  of  bubble,  (b)  Bubble  configurations  cor¬ 
responding  to  various  stages  given  in  (a),  (after  Hayashi  et  al.  [72HCRK] ,  Fig.  7). 
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In  both  the  permalloy  and  indentation  devices,  guide  rails  are  provided  to  constrain  the  oscillating 
and  advancing  bubbles  within  the  track.  The  confinement  is  accomplished  again  based  on  energy 
minimization. 

The  indentation  type  of  devices  are  free  of  view-obstructing  permalloy  patterns.  The  oscillating 
field  can  be  supplied  by  a  coil  with  axis  perpendicular  to  the  bubble  plate,  again  not  obstructing 
views.  Hence  they  provide  clear  view  shift  registers  suitable  for  display  and  print  applications  (see 
Sec.  3.6). 

Almasi  et  al.  ([71AGKL],  IBM  Tech.  Disclosure  Bulletin)  have  proposed  that  permalloy- 
guiderail/copper-stripline  composite  can  be  used  to  provide  on-chip  drive  so  as  to  eliminate 
cumbersome  drive  coils.  A  number  of  logical  devices  have  been  described  in  the  angelfish 
configuration:  flip-flop,  AND/OR,  and  inverter  by  Almasi  et  al.  ([71ALK],  IBM  Tech.  Disclosure 
Bulletin);  merging  intersection,  splitter,  asymmetric  gate,  and  symmetric  gate  by  Chang  and 
Hayashi  ([72CH],  IBM  Tech.  Disclosure  Bulletin),  splitter  by  Lin  ([72L],  IBM  Tech.  Disclosure 
Bulletin),  and  single-output  ladder  and  decoder  by  Lin  ([72L],  IBM  Tech.  Disclosure  Bulletin). 
Bobeck  and  Della  Torre  have  also  described  angelfish  switch  by  adjusting  domain  size  (see  Fig. 
2.10.4). 

2.7  On  Coding  and  Propagation 

In  Sections  2.4  through  2.6,  different  device  structures,  such  as  permalloy  overlay,  conductor 
overlay,  and  indentation  in  bubble  media  have  been  described,  as  well  as  the  principles  of  bubble 
propagation  in  these  structures.  These  devices  may  also  be  examined  in  the  light  of  coding.  All 
the  above  devices  use  the  presence  and  absence  of  bubbles  to  represent  ONE  and  ZERO  respec¬ 
tively.  In  the  two-rail  conductor-driven  devices,  the  two  rails  carry  two  bubble  streams  of 
complementary  information. 

Another  method  of  ONE/ZERO  representation  is  the  presence  and  absence  of  interdomain 
spacings  rather  than  domains  themselves,  as  proposed  in  the  inverted  mode  of  operation  (U.S. 
Patent  3,540,021  by  Bobeck,  Fischer,  and  Scovil).  Figure  2.7.1  depicts  the  implementation  of  this 
scheme  by  angelfish  devices.  A  through  C  illustrate  propagation  as  activated  by  field  oscillation,  D 

and  E  illustrate  data  representation.  In  this  mode,  a  high  bias  field  in  the  direction  of  bubble 
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Fig.  2.7.1  ONE/ZERO  representation  by  the  presence  and  absence  of  inter-domain  spac- 
ings.  A  through  C  depict  bubble  propagation  under  oscillating  field,  D  and  E  illustrate 
data  representation,  (after  Boheck  et  al.  U.S.  Patent  3,540,021,  Figs.  8 A  through  8E). 

magnetization  is  applied  to  expand  the  bubbles  into  elongated  domains.  The  interdomain  spacings 

are  stable  over  a  bias  field  range  significantly  wider  than  that  for  isolated  bubbles  in  a  given 

material.  For  example,  the  diameter  of  an  isolated  bubble  is  stable  over  a  range  of  from  one  to 

three  times  the  collapse  diameter.  In  contrast,  an  interdomain  spacing  may  be  stable  from  three 

times  the  collapse  diameter  to  much  less  than  0.1  times  that  diameter.  Hence  the  inverted  mode 

permits  the  use  of  relatively  low  uniaxial  anisotropy  materials.  A  comparison  is  illustrated  in 

Figure  2.7.2. 


adjacent  domains 

Fig.  2.7.2  A  comparison  of  stable  bias  field  range  for  isolated  bubbles  and  that  for 
inter-domain  spacing. 
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Coding  in  its  broad  sense  embraces  much  more  than  ONE/ZERO  representation.  As  is  well 
known  in  magnetic  recording,  the  information  storage  density  can  be  greatly  improved  by  data 
coding,  and  the  data  reliability  by  error  detection  and  correction  coding.  In  bubble  technology, 
coding  in  its  broad  sense  has  received  little  attention,  and  should  offer  a  field  for  fruitful  studies. 


Besides  the  three  propagation  schemes  described  in  Sections  2.4  to  2.6,  several  other  schemes 
illustrate  different  physical  principles  and  possible  additional  advantages. 


(a) 


Fig.  2.7.3  Bubble  propagation  on.  circular  disks,  (a)  Sawtooth  drive  field,  (b)  Permalloy 
pattern,  (after  Kurtzig,  U.S.  Patent  3,602,91 1 ,  Figs.  2  and  3). 

U.S.  Patent  3,602,911  by  Kurtzig  uses  a  sequence  of  magnetical  ly  soft  discs  as  a  propagation 
structure.  A  constant  in-plane  field  is  applied  perpendicular  to  the  line  of  discs.  Another  field 
along  the  line  oscillates  alternately  slowly  and  quickly.  Refer  to  Figure  2.7.3,  A  bubble  follows 
the  slow  field  trajectory  12  3,  and  then  suddenly  the  attractive  poles  are  switched  to  4  and  1.  The 
sudden  change  only  permits  a  bubble  to  move  across  the  short  path  3  to  4  rather  than  retrace  the 
long  path  3  2  1. 


Fig.  2.7.4  Scalloped  magnetic  overlays  to  propagate  gyrating  inclined  cylindrical  domains, 
(after  Bobeck,  U.S.  Patent  3,644,908,  Fig.  1). 
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U.S.  Patent  3,644,908  by  Bobeck  describes  a  method  of  propagating  an  inclined  domain.  In  a 
bubble  medium  with  modest  anisotropy,  the  axis  of  a  bubble  inclines  with  respect  to  the  easy  axis 
in  the  presence  of  an  in-plane  field.  As  the  field  rotates,  the  inclination  of  the  bubble  continuously 
reorients.  When  the  medium  is  sandwiched  between  two  scalloped  magnetic  overlays,  the 
changing  domain  inclination  is  converted  to  domain  translation.  Refer  to  Figure  2.7.4.  The 
overlays  in  this  structure  have  high  coercivity,  and  are  not  responsive  to  the  rotating  field.  They 
define  the  path,  but  do  not  provide  moving  attractive  poles. 

2.8  Detection  Methods 

2.8.1  Bubble  Attributes  Facilitating  Detection 

Two  attributes  of  bubble  devices  greatly  facilitate  the  detection  of  bubbles.  First,  a  bubble  can  be 
expanded  or  contracted  by  a  local  field.  Second,  the  structures  needed  for  size  adjustment  and  for 
converting  bubble  presence  to  an  electrical  signal  (magneto-resistive  effect,  see  Fig.  2.8.1)  can 
both  be  constructed  of  permalloy,  the  same  as  those  used  for  bubble  propagation. 

SENSOR  RESISTANCE 


PLATELET 

Fig.  2.8.1  Magnetoresistive  sensor,  (a)  Magnetoresistive  effect.  The  resistance  of  permal¬ 
loy  varies  with  the  angle  between  the  magnetization  vector  and  the  current  vector. 

(b)  No  bubble,  (c)  The  field  emanated  by  a  bubble  rotates  the  magnetization  in  a 
permalloy  sensor  and  induces  a  resistance  change,  (after  Almasi,  [73 A] ,  Fig.  10). 

The  first  attribute  cannot  be  over-emphasized,  because  it  permits  the  storage  and  manipulation  of 
bubbles  in  small  size  and  their  detection  in  large  size.  Both  low  cost  and  convenient  detection  are 
achieved.  At  the  inception  of  bubble  devices,  a  long  narrow  current  loop  was  employed  to  stripe 
out  a  bubble  and  then  suddenly  reverse  the  current  to  collapse  the  elongated  strip,  thus  inducing  a 
large  voltage  in  a  sense  line  (Bobeck  et  al.  [69BFPRU]).  As  the  field-access  devices  became 
widely  accepted  as  the  preferred  structures,  a  propagator-expander  which  uses  gradually  expanding 
and  then  contracting  columns  of  permalloy  chevrons  has  been  evolved  (Strauss  et  al.  [73SBC],  see 
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Figure  2.8.2.).  The  propagator-expander  has  been  operated  to  stretch  a  bubble  to  a  length  50 
times  the  diameter,  hence  amplify  the  signal  by  50  times. 

GOLD  FISH 


Fig.  2.8.2  Expander  portion  of  a  re-entrant  chevron  propagation  channel  containing  the 
fishbone  structure.  The  narrow  gold  lead  was  not  used  in  these  experiments,  (after 
Strauss  et  al.  [73SBC] ,  Fig.  1). 

The  second  attribute  derives  from  the  magnetoresistive  effect  in  permalloy,  which  is  the  same 
material  used  for  bubble  propagation  (U.S.  Patent  3,691,540  by  Almasi  et  al.  and  Almasi  et  al. 
[71AKLT]).  Refer  to  Figure  2.8.2.  A  current  flowing  through  a  permalloy  bar  experiences  a 
resistance.  As  the  permalloy  bar  is  subjected  to  an  external  field  (e  g.,  from  an  adjacent  bubble), 
its  magnetization  vector  rotates,  and  its  resistance  is  changed,  resulting  in  a  voltage  change  at  its 
terminals.  The  dimensions  of  the  resistor  is  chosen  such  that  its  dc  resistance  is  about  50  il.  The 
presence  of  a  bubble  causes  a  change  in  resistance  by  about  5  percent.  A  signal  of  2  mV  has  been 
detected  with  a  6  /im  diameter  bubble  (i.e.,  106  bits/in2).  The  signal  lasts  as  long  as  both  the 
sensing  current  and  the  bubble  are  present,  and  its  rise  and  fall-times  are  negligible. 

2.8.2  Various  Methods  of  Detection 

Having  described  bubble  attributes  facilitating  detection  and  identified  the  magnetoresistive  effect 
as  the  preferred  detection  method,  we  shall  summarize  below  all  the  detection  methods  so  far 
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proposed.  Strauss  [71S]  and  Almasi  [73A]  have  reviewed  the  various  approaches  and  made 
quantitative  comparisons.  We  shall  supplement  these  reviews  with  ideas  collected  from  the  patent 
literature. 

Inductive  Sensing 

Nondestructive  readout  of  single-wall  domains  is  permitted  by  the  characteristic  of  such  domains 
to  return  to  a  stable  size  once  contracted.  Bobeck  (U.S.  Patent  3,471,840)  has  described  a 
word-organized  memory  in  which  the  domains  are  shuttled  between  first  and  second  associated 
positions  for  detection  in  this  mode. 

Hall  Effect  Detection 

The  vertical  component  of  a  bubble  domain’s  stray  field  subjects  the  moving  charge  carriers  in  an 
adjacent  semiconductor  (Si  or  InSb)  slab  to  a  Lorentz  force,  which  causes  a  voltage  Vs  to  appear  at 
right  angles  to  both  the  magnetic  field  and  the  carrier  current: 

Vs  =  Bi/ent 

where  B  =  vertical  flux  density,  i  =  carrier  current,  e  =  electron  charge,  n  =  effective  carrier 
concentration,  and  t  =  thickness.  To  achieve  a  large  sense  signal,  it  is  important  to  place  the  Hall 
element  close  to  the  garnet  film  to  achieve  maximum  B,  to  use  slab  of  small  thickness  (i.e.,  film), 
and  of  high  mobility  material  (InSb  instead  of  Si). 

Yoshizawa  et  al.  [73YYUOS]  have  evaporated  InSb  detectors  for  10  /x  bubbles  (40  /x  period  T-bar 
patterns).  The  T-bar  permalloy,  evaporated  InSb  film,  and  Al  electrodes  are  respectively  0.4,  1.0, 
and  0.6  /x  thick.  Sense  signals  of  2  mV  have  been  measured  by  a  2.5  /x  sec  pulse  current  at  a 
repetitive  frequency  of  100  KHz.  The  pulsed  sense-current  yields  a  signal  1.8  to  2.6  times  higher 
than  dc  sense  current  by  preventing  heating,  and  the  frequency  response  of  the  InSb  detector  is 
flat  up  to  100  KHz. 

Very  similar  to  the  semiconductor  Hall-effect  detector  is  a  permalloy  Hall  element.  A  portion  of 

the  permalloy  overlay  for  propagation  can  be  used  as  an  integral  element  of  a  detector  for  bubbles 

moving  beneath  it.  Four  electrical  conductors  are  connected  to  that  portion  to  structure  a  planar 
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Hall-effect  (i.e.  magnetoresistive  effect)  detector  (Strauss,  U.S.  Patent  3,609,720). 

Magnetoresistive  Detection 

The  signal  amplitude  is  expressed  as  Vs  =  iAR  =  iAp  /  /wt  (i  =  current,  p  =  resistivity,  /  = 
length,  w  =  width,  t  =  thickness).  Assume  that  the  sense  current  is  flowing  along  the  easy  axis  of 
the  magnetoresistor,  and  that  a  bubble  exerts  a  field  H  to  cause  the  magnetization  of  the  magneto¬ 
resistor  to  rotate  by  an  angle  0  from  the  easy  axis.  The  magnetization  rotation  angle  0  in  the 
uniaxial  permalloy  film  can  be  estimated  from  Ms/(Hk  +  Hd)  =  Ms(sin  0)/H,  or  sin  0  =  H/(Hk 
-I-  Hd)  where  Hk  =  anisotropy  field  and  Hd  =  demagnetizing  field  at  saturation.  Since  p  =  p0  + 
A pQ  cos2  0,  the  resistance  change  with  0  is  expressed  by  Ap0  =  cos  2  0. 

High  current  and  small  thickness  are  needed  for  large  magnetoresistive  signal.  Bajorek  and 
Mayadas  [73BM]  have  studied  the  effect  of  high  current  (up  to  107  A/cm2)  and  temperature 
stressing  (up  to  300°C)  in  vacuum  (10‘8  Torr)  and  air,  on  the  properties  of  evaporated  200A  thick 
permalloy  magnetoresistors.  While  oxidation  and  failure  were  observed  in  air,  operation  in  vacuum 
(or  under  a  proper  protection  layer)  can  tolerate  107  A/ cm2  and  250°C  almost  indefinitely. 

An  integrated  magnetoresistive-sensor  for  the  detection  of  bubbles  was  first  proposed  by  Almasi  et 
al.  (U.S.  Patent  3,691,540).  The  sensor  is  part  of  the  permalloy/conductor  overlay  which 
propagates  and  manipulates  bubbles  in  a  memory  chip. 

A  magnetoresistive  sensor  is  subject  not  only  to  the  field  of  the  bubble  (signal),  but  also  to  the 
rotating  field  (noise).  A  pair  of  sensors,  one  active  and  one  dummy,  can  be  employed  in  a  bridge 
configuration  for  noise  cancellation. 

Most  field-access  bubble  devices  have  four  time  phases  during  each  field  rotation  period.  By 
spatially  staggering  four  magnetoresistors  in  four  shift  registers  to  effect  a  time  phase  lag  between 
successive  output  signals,  the  magnetoresistors  can  be  serially  connected  to  share  a  single  sense 
amplifier  and  also  to  obtain  a  four-fold  increase  in  data  rate  (Chang,  U.S.  Patent  3,720,928). 

A  magnetoresistive  detector  can  be  designed  such  that  it  has  a  permanent  captive  domain,  whose 
position  is  varied  by  an  information  bubble  to  be  detected.  The  position  of  the  captive  bubble 
varies  the  magnetoresistance.  This  arrangement  relieves  the  constraints  on  positioning  and 
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aligning  many  detectors  for  multiple  shift  registers  (Copeland,  U.S.  Patent  3,701,128). 

A  bubble  is  expanded  in  a  direction  transverse  to  its  direction  of  propagation  in  order  to  effect  an 
abrupt  division  of  the  bubble  into  at  least  two  separate  parts  which  consequently  collapse  very 
rapidly.  Means  are  provided  to  detect  a  signal  during  division.  (Marsh,  U.S.  Patent  3,731,288.) 

Fine-grained  permalloy  patterns  (for  example,  chevrons)  can  be  structured  such  that  they  can  be 
varied  in  number  in  consecutive  stages  of  a  propagation  channel  in  the  direction  transverse  to  the 
propagation  direction.  Hence  a  bubble  can  be  first  expanded  to  enhance  signal  and  then  contract¬ 
ed  to  re-enter  the  propagation  circuit.  Two  important  advantages  are  achieved  through  such  a 
structure.  First,  since  the  bubble  elongation  takes  place  gradually,  there  is  no  sacrifice  in  data  rate. 
Second,  if  the  detection  element  which  can  be  saturated  magnetically  by  the  elongated  bubble  has 
the  same  line  width  and  thickness  as  the  channel-defining  elements,  then  both  the  propagation- 
elongation  elements  and  the  magnetoresistors  can  be  formed  in  a  single  photoresist  process, 
obviating  the  need  for  critical  mask  alignment. 

The  chevron-expander/magnetoresistive-detector  is  one  of  the  most  important  elements  for 
bubble  memory  chips.  Details  for  device  design  and  operation  can  be  found  in  the  patent 
literature,  addressing  the  problems  of  minimizing  the  device  area,  avoiding  rotating-field  noise,  and 
signal  enhancement  at  optimum  rotating-field  amplitude.  The  first  chevron-expansion/fishbone- 
detector/chevron-compactor  is  described  by  Bobeck  et  al.  (U.S.  Patent  3,702,995).  When  the 
magnetoresistive  elements,  which  connect  the  apices  of  the  chevrons  in  the  fishbone  detector,  are 
offset  from  one  another  consecutively  to  alternative  sides  of  the  axis  through  the  apices,  the 
effective  total  length  of  the  magnetoresistive  detector  is  increased  (Bobeck  et  al.,  U.  S.  Patent 
3,713,120).  Usually  a  bridge  arrangement  is  required  to  eliminate  the  noise  induced  in  the 
magnetoresistive  sensor  by  the  planar  rotating  field.  However,  by  arranging  the  chevron  patterns 
in  a  circular  or  spiral  path  and  the  detector  to  span  180°  or  more  of  the  path,  the  magnetoresistor 
is  made  insensitive  to  the  rotating  field  (Bobeck,  U.  S.  Patent  3,713,1 17).  The  bubble  expansion 
detector  for  a  memory  can  be  incorporated  into  a  dynamic  guard  rail  encompassing  the  memory,  so 
that  the  expanded  bubbles  can  be  eliminated  after  detection  without  requiring  the  space  to  shrink 
the  bubbles  to  normal  size  (Bobeck,  U.  S.  Patent  3,810,132).  The  magnetoresistive  detector  has 

been  discovered  to  operate  in  two  different  modes  depending  on  the  amplitude  of  the  in-plane 
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field.  The  first  mode  is  characterized  by  a  detector  signal  which  is  essentially  at  a  frequency  equal 
to  the  rotating  field  frequency.  The  second  mode  is  characterized  by  a  signal  which  is  double  the 
frequency  of  the  rotating  field.  When  the  field  is  set  at  an  amplitude  so  that  the  presence  of  a 
bubble  results  in  a  change  in  frequency  in  the  detector  signal,  the  signal  is  larger  than  under  other 
conditions  (Bobeck  et  al.,  U.  S.  Patent  3,820,092). 

An  interesting  concept  of  magnetoresistive  sensing  element  is  described  by  Myer  (U.  S'.  Patent 
3,806,899).  A  magnetoresistor  is  inserted  between  two  bubble  storage  films.  The  detector  will 
respond  only  to  the  resulting  magnetic  field  produced  by  the  coaction  of  two  coincident  domains. 


(a)  A  bubble  is  expanded  in  a  direction  transverse  to  propagation,  detected  in  a  fishbone 
magnetoresistor,  and  then  shrunk  and  returned  to  the  storage  loop  (after  Bobeck  et  al.,  U.S. 


(b)  Magnetoresistor  segments  are  displaced  from  the  apices  of  the  chevrons  to  lengthen  the 
magnetoresistor  and  enhance  the  signal.  After  detection,  the  elongated  domain  is  discarded 
to  eliminate  the  space  for  shrinking  the  bubbles  and  the  return  line  to  the  storage  loop  (after 
Bobeck,  U.S.  Patent  3,810,132,  Fig.  1). 


Fig.  2.8.3  Chevron  expander  and  magnetoresistor  detector. 
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(c)  Chevron  pattern  arrangement  spanning  180°  or  more  to  eliminate  noise  induced  by  the 
rotating  field  (after  Bobeck,  U.S.  Patent  3,713,1 17,  Figs.  5  and  6). 


(d)  The  rotating  field  can  be  set  at  a  value  such  that  the  presence  of  a  bubble  will  change  the 
frequency  of  the  signal  exhibited  by  the  magnetoresistive  detector  (after  Bobeck  et  al.,  U.S. 
Patent  3,820,092,  Fig.  3). 

Fig.  2.8.3  (Cont.)  Chevron  expander  and  magnetoresistor  detector. 


Almasi  [71  A]  has  made  an  engineering  analysis  of  Faraday  magneto-optic  display  and  sensing 
systems  using  bubble  materials.  Screen  illuminance  and  contrast  for  display  and  signal-to-noise 
ratio  for  sensing  are  related  to  Faraday  rotation,  optical  absorption,  bubble  material  thickness, 
bubble  diameter,  and  polarizer-analyzer  angle. 

Ahern  and  Almasi  (U.S.  Patent  3,729,724)  have  proposed  a  high-density  magneto-optic  readout 
apparatus.  The  bubble  material  is  sandwiched  between  two  lasers.  When  both  lasers  are  biased 
just  below  their  lasing  thresholds,  the  bubble  material  functions  as  a  Q-switch  wherein  a  bubble 
establishes  an  optical  cavity  when  it  enters  the  optical  path  between  the  two  lasers.  When  one 
laser  is  biased  just  below  its  lasing  threshold  and  the  other  is  biased  in  its  lasing  mode,  the 
apparatus  functions  in  a  source-detector  mode. 
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The  magneto-optic  detection  of  small  bubbles  requires  focused  light  beam  and  a  lens  placed  near 
the  garnet  film,  and  rigidly  registered  with  the  bubble  manipulation  circuits.  To  circumvent  the  use 
of  a  lens,  Borrelli  [73B]  has  reported  the  Faraday  magneto-optic  detection  of  8  /x  diameter  bubbles 
by  using  a  single-mode  waveguide  fiber  optics  with  5  /x  core  diameter  placed  5  /x  from  the  bubble 
garnet  film.  The  light  source  was  a  20  mW  He-Ne  laser.  It  is  anticipated  that  1  /x  core  diameter 
optic  fibers  could  be  fabricated  by  altering  the  refractive  index  of  the  core.  To  ensure  the  intimate 
contact  of  the  optic  fiber  with  the  garnet  film,  the  guide  is  mounted  and  waxed  into  a  hole  drilled 
through  a  glass  mounting  plate,  which  was  then  polished.  The  guide  end  is  flush  with  the  mounting 
plate  surface,  which  is  pressure  mounted  against  the  garnet  film. 

In  detecting  a  bubble  by  Faraday  rotation  in  noncubic  magnetic  crystals  (e.g.,  orthoferrites),  the 
transmitted  light  is  also  subjected  to  the  influence  of  optical  birefringence.  The  contrast  between 
the  light  transmitted  through  the  sheet  when  a  bubble  is  present  as  compared  to  that  transmitted 
when  a  bubble  is  absent  is  maximized,  when  the  thickness  of  the  bubble  material  is  selected  such 
that  T  =  (n  +  1/2)8  where  n  =  a  positive  integer  and  8  is  the  thickness  for  providing  2 it  retarda¬ 
tion  between  the  a  and  b  directions  of  the  polarization  vector  of  the  light  (Tabor,  U.S.  Patent 
3,515,456).  Another  way  to  enhance  the  Faraday  rotation  is  to  direct  the  incident  polarized  light 
non-parallel  to  the  magnetization  direction  and  in  the  plane  of  the  optic  axis  (Kurtzig,  U.S.  Patent 

3,560,944). 


Birefringence  can  be  made  to  enhance  Faraday  rotation  if  the  bubble  material  through  which 
polarized  light  is  transmitted  is  structured  so  that  the  birefringence  is  always  positive  when  a 
domain  is  present,  and  always  negative  when  a  domain  is  absent.  One  embodiment  comprises  a 
plurality  of  birefringent  magnetic  layers  each  of  a  thickness  along  the  optical  path  equal  or  less 
than  the  thickness  for  causing  180°  phase  retardation,  but  each  layer  has  its  crystallographic  axis 
at  about  90°  with  respect  to  the  adjacent  layers  (Tabor,  U.S.  Patent  3,585,614). 

2.9  Non-Volatility 

Non-volatility  is  the  ability  to  retain  information  when  power  is  off.  This  ability  has  been  taken 

for  granted  in  existing  magnetic  memory  and  storage  devices  such  as  ferrite  cores,  permalloy  films 

and  wires,  and  oxide  tapes  and  disks.  For  the  semiconductor  technology,  non-volatility  is  still 
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being  sought  for  by  exploring  devices  such  as  MNOS  (metal-nitrate-oxide-semiconductor).  At 
present,  in  case  of  power  failure  and  loss  of  information,  a  semiconductor  memory  is  re-loaded 
from  the  backing  disk  storage  which  holds  a  duplicate  of  the  information  in  the  memory.  Batteries 
can  also  be  used  for  low-power  memories  as  a  more  reliable  power  source. 


In  bubble  materials,  stripe  domains  and  bubble  lattices  retain  completely  demagnetized  states 
without  external  power.  However,  in  existing  devices,  information  is  stored  in  non-interacting 
hubbies,  which  only  remain  stable  in  the  presence  of  a  bias  field.  This  bias  field  is  about  1  /4  of 
the  saturation  magnetization  field  (4?rMs).  For  6  fin 1  bubble  garnets,  it  ranges  between  20  to  50 
Oe.  In  laboratory  experimentation  such  a  range  of  field  can  be  easily  supplied  by  Helmholtz  coils. 
In  practical  devices,  a  stable  and  uniform  bias  field  can  be  supplied  by  permanent  magnets  to 
assure  non-volatility.  Provisions  must  also  be  made  to  allow  interruption  of  operation.  For 
example,  for  a  four-phase  planar  rotating  field  device,  it  is  desirable  to  stop  the  operation  at  a 
pre-determined  phase  to  facilitate  re-initiation. 
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Fig.  2.9.1  Two  permalloy  sheets  sandwiching  two  permanent  magnet  bars  at  the  edges 
provide  a  uniform  bias  field  (within  ±  1%)  over  an  area  of  0.75  in2. 

Two  means  of  providing  bias  field  have  been  verified  as  effective.  The  first  one,  which  is  in 
common  use  now,  employs  two  permalloy  sheets  sandwiching  two  magnet  bars.  (See  Figure 
2.9.1).  Uniform  field  is  achieved  over  a  large  volume  which  may  accommodate  a  number  of  chips 
with  drive  field  coils.  The  entire  package  is  light  and  compact.  Lyons  [73L]  has  described  a  design 
which  uses  permalloy  sheets  sandwiching  two  permanent  magnet  bars  on  opposite  edges  to  supply 
a  uniform  field  (constant  within  ±  1  percent)  over  an  area  of  0.75  x  1  in2. 


For  some  bubble  materials,  permissible  bias  field  ranges  exist  for  only  narrow  ranges  of  tempera¬ 
ture.  The  variation  of  temperature  can  be  compensated  for  by  using  a  biasing  magnet  of  a  suitable 
material  which  provides  a  bias  field  varying  properly  as  a  function  of  temperature  (Geusic  and  Van 
Uitert,  U.S.  Patent  3,711,841). 


The  second  means  was  described  by  Liu  et  al.  [71LBNSB].  A  thin  film  of  permanent-magnet 
material  (e.g.,  a  Co5  RE  compound)  was  sputtered  onto  a  platelet  inducing  an  exchange  coupling 

interaction  across  the  interface  (Figure  2.9.2).  This  interaction  manifests  itself  as  an  effective  bias 
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field  which  reduces  or  eliminates  the  external  applied  bias  field  required  to  stabilize  bubbles.  The 
applied  field  (Ha)  energy  is  (2MsHa)(flrr2h)  and  the  exchange  energy  is  (77r2)aw.  Note  that  both 
energies  have  the  same  functional  dependency  on  r.  The  equivalent  bias  field  due  to  exchange 
coupling  is  therefore  HF  =  aw/2hMs.  This  interlayer  domain  wall  could  exist  in  either  the  bias 
layer  or  the  storage  layer.  Assume  that  it  exists  in  the  storage  layer.  As  Thiele  has  shown,  the 
optimum  plate  thickness  is  h  =  m  /  =  iraw/4wMs2.  Hence,  with  one  bias  layer  used  with  the 
storage  film  at  optimum  thickness,  one  can  only  achieve  an  effective  bias  field  of  HF  =  4t7Ms/2t7, 
which  is  only  about  one  half  of  the  desired  bias  field.  Therefore,  the  combined  use  of  top  and 
bottom  bias  layers  or  a  non-optimum  film  thickness  is  necessary  if  the  external  applied  field  is  to 

be  completely  eliminated.  With  1200A  of  (Co32CUj  3Fe05)(Ce025Sm0  75)  -  a  Co5RE  compound  - 
sputtered  on  Sm0  55Tb045FeO3  (an  orthoferrite  bubble  plate),  the  applied  bias  field  is  reduced  from 
35  Oe  to  1 1  Oe  based  on  quasi-static  operation. 


2  domain  walls 


t  t 


bias  layer  (M  set  p€?ftrarfently) 
storage  layer 


(a) 


3  domain  walls 


t  i  LLT/t  l 


bias  layer 
storage  layer 
bias  layer 


(b) 

Fig.  2.9.2  Exchange-coupled  bias  layers,  (a)  Single  bias  layer,  (b)  Double  bias  layer. 


Uchishiba  et  al.  [73UTNS]  have  studied  the  internal  bias  effect  of  double-layer  expitaxial  garnet 
films:  a  1.3  /xm  thick  storage  layer  (Y2  55Gd  45)(Ga,  36Fe3  64)012  on  a  5.5  /xm  thick  bias  layer 
(Y2  5Gd  5)(Ga1  4Fe3  6)Oi2  grown  by  LPE  technique  on  (111)  GGG  substrate.  The  storage  film 
thickness  is  not  optimum,  and  the  bubble  diameter  is  larger  than  5  /xm.  An  effective  bias  field  of 
12.4  Oe  on  the  storage  layer  is  estimated,  permitting  bubble  generation  and  propagation  by 
permalloy  T-bar  patterns  without  an  external  bias  field. 

Non-volatility  is  not  only  necessary  for  storage  reliability,  but  will  also  enable  the  removal  of 
storage  medium  from  the  memory  module  containing  propagation  and  access  circuitry.  When  the 
bubble  chip  capacity  becomes  sufficiently  large  and  bubble  materials  become  sufficiently  inexpen¬ 
sive,  it  is  indeed  conceivable  to  have  off-line  (or  on-shelf)  storage  and  exchangeable  media  in  the 
fashion  of  disk  packs  and  tape  reels. 

Feuersanger  [73F]  has  reported  bonded  shift  registers  for  bubble  memory  modules.  Thin  film 

circuits  are  fabricated  on  glass  substrates  which  contain  designed-in  spacers  for  uniform  garnet-to- 
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permalloy  spacing.  The  garnet  is  mated  to  the  glass  substrate  by  semi-automatic  mechanical 
bonding  using  an  optically  transparent  cement.  Uniform  bonds  as  close  as  2700A  over  1  cm2  have 
been  prepared. 

2.10  Switch  Devices 

Bubble  switches  are  important  in  many  applications.  All  memory  organizations  (on-chip  decoders, 
major/minor  loops,  dynamically-ordered  shift  registers,  and  coincident  selection  organization) 
employ  switch  elements  (see  Sec.  3.2).  They  are  also  essential  for  data  manipulation  and  switching 
network  applications  (see  Secs.  3.8  and  3.9).  The  following  mechanisms  are  the  basis  of  bubble 
switches: 

Rotating  field  control  direction 

amplitude 

Sequence 

Current  control  superposition  on  drive  field 

domain  size 
hard/soft  overlay 

Domain  control  bubble-bubble  interaction 

Channel  Selection  by  Rotating  Field  Control 

In  the  absence  of  control  conductors,  channel  selection  can  be  effected  by  rotating-field  amplitude, 
direction,  and  phase  sequence.  In  the  permalloy  zigzag  propagation  patterns  as  proposed  by 
Perneski  (U  S.  Patent  3?5 18,643),  an  in-plane  ac  field  transverse  to  the  channel  together  with  an 
in-plane  dc  field  along  the  channel  are  used  to  propagate  bubbles.  The  direction  and/or  amplitude 
of  the  dc  field  along  with  the  width  of  the  zigzag  pattern  of  permalloy  not  only  determine  the 
direction  of  movement  of  domains  but  also  permit  individual  channels  to  be  selected  in  the  absence 
of  control  conductors. 

The  above  channel  selection  means  was  then  extended  to  T-bar  devices  (Perneski,  U.S.  Patent 
3,530,446).  For  a  domain  moving  along  a  channel  and  entering  into  an  intersection  with  two  exit 
channels,  it  can  be  made  to  select  an  exit  channel  by  choosing  the  rotating  field  amplitude.  In  one 
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embodiment  (see  Figure  2.10.1)  the  first  and  second  exit  channels  are  oriented  at  ±  45°  respec¬ 
tively  with  respect  to  an  entrance  channel  at  an  intersection.  If  the  amplitude  of  the  rotating  field 
is  increased  when  the  field  is  oriented  at  about  +  45°,  the  domain  follows  the  exit  channel  oriented 
at  4-  45°.  If,  on  the  other  hand,  the  amplitude  of  the  rotating  field  is  increased  when  the  field  is 
oriented  at  135°,  the  domain  follows  the  exit  channel  at  -  45°. 


Fig.  2.10.1  Channel  selection  by  field  amplitude  control.  At  the  distorted  T  (a),  a  bubble 
will  move  up  in  response  to  a  45°  applied  field  (b  through  e),  or  move  to  the  right  in 
response  to  a  135°  applied  field  (f  through  i).  (after  Perneski,  U.S.  Patent  3,530,446, 
Figs.  1  through  13). 


Channel  selection  by  reversing  field  rotation  will  be  illustrated  in  Sec.  3.2  in  connection  with  an 
earlier  version  of  the  transfer  operation  between  major  and  minor  loops  (Figs.  3.2.1  and  3.2.2). 


Channel  selection  can  also  be  effected  by  using  a  different  field  phase  sequence  in  combination 
with  different  overlay  patterns  for  different  channels  (Perneski,  U.S.  Patent  3,543,252).  By 
permuting  the  four  phases  ABCD  in  a  rotating  field  cycle,  one  of  24  (i.e.,  4  •  3  •  2  •  1)  channels 
can  be  selected.  The  selected  channel  has  at  least  a  position  which  generates  an  appropriately 
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moving  attracting  pole  configuration  in  response  to  a  unique  permutation  of  the  field  phase 
sequence  ABCD  (see  Figure  2.10.2). 


Fig.  2.10.2  Channel  selection  by  field  phase  sequence  control.  The  solid  and  dotted  lines 
denote  overlay  and  underlay  respectively.  There  are  4!  =24  field  phase  sequences,  (after 
Perneski,  U.S.  Patent  3,543,252,  Figs.  2  and  3). 


Channel  Selection  by  Current  Control 

A  bubble-domain  switch  (Chang  et  al.  [72CFLR])  can  be  implemented  by  superposing  a  current^ 
loop  at  the  center  of  a  permalloy  T  pattern  (see  Figure  2.10.3).  A  bubble  is  propagated  through 
the  upper  channel  in  the  absence  of  a  current,  and  in  the  lower  channel  in  the  presence  of  a 
current.  The  bubble  is  propagated  to  the  center  of  the  T  during  field  phase  2.  If  the  current  loop 
is  activated,  it  holds  the  bubble  at  position  2  during  field  phase  3.  Subsequently,  at  field  phase  4, 
the  bubble  is  propagated  along  the  vertical  bar  to  the  adjacent  propagation  channel. 
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Fig.  2.10.3  Switch  by  current,  (a)  Schematic,  (b)  T-bar  pattern,  (after  Chang  et  al. 
[72CFLR] ,  Fig.  4). 


Since  the  current-control  switches  are  in  common  use  in  the  popular  major-minor  loop  memories, 
there  have  been  more  experimental  data  accumulated  for  this  type  of  switches.  Smith  et  al. 
[73SKB]  have  examined  the  mechanisms  of  switching  (by  field  gradient  or  by  blocking)  and 
proposed  an  improved  version  (by  both  field  gradient  and  blocking)  -  a  dollar-sign  transfer  switch. 

There  are  two  distinct  classes  of  transfer  mechanisms  in  bubble  switches.  In  one  class  (Fig. 
2.10.4a)  the  conductor  is  run  parallel  to  the  major  loop  and  the  current  increases  the  z-axis 
(perpendicular  to  the  plane  of  propagation)  gradient  but  does  not  decrease  the  gradient  in  the 
normal  path.  This  is  called  gradient  transfer.  In  the  second  class  (Fig.  2. 10.4 .b)  the  conductor  is 
placed  at  right  angles  to  the  propagation  channel  and  the  current  decreases  the  z-axis  gradient  in 
the  normal  path  but  does  not  increase  the  gradient  perpendicular  to  the  normal  path.  This  is  called 
blocking  transfer. 

In  Fig. 2. 10.4. a,  a  bubble  is  transferred  from  position  A  to  A’  by  applying  a  transfer  current  when 
the  rotating  field  is  just  about  to  move  the  bubble  from  A  to  its  adjacent  horizontal  bar.  The 
transfer  current  places  the  bubble  in  a  collapsing  environment  between  its  initial  position  and  the 
center  of  the  conductor,  whereas  the  transfer  current  tends  to  strip  the  bubble  from  the  center  of 
the  conductor  to  position  A’.  Therefore,  the  wider  the  transfer  region,  the  more  difficult  it  is  to 
achieve  wide  bias  margins.  This  particular  transfer  operates  over  only  the  middle  half  of  the  T-bar 
propagate  range. 
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PROP  PROP 

TRANSFER  "IN"  TRANSFER  "OUT 

c 


Fig.  2.10.4.  Three  types  of  transfer  switches. (a)  Gradient  type,  (b)  Blocking  type,  (c) 

Dollar-sign  switch  which  combines  the  gradient  and  blocking  actions,  (after  Smith  et  al. 

[73SKB],  Figs.  1 , 2,  and  3). 

In  Fig.2.10.4.b  a  bubble  is  initially  at  position  A  in  the  major  loop.  In  the  presence  of  a  transfer 
current  the  gradient  in  the  normal  propagation  channel  is  reduced,  and  as  the  rotating  field'  is 
reoriented  the  bubble  will  move  through  the  transfer  port  to  position  A’  either  as  a  bubble  or  a 
strip.  It  is  then  propagated  into  the  minor  loop  by  the  rotation  of  the  drive  field.  In  the  upper  75 
percent  of  the  normal  T-bar  propagate-bias-field  range,  transfer  "in"  was  successful. 

In  Fig.2.10.4.ca  dollar-sign  transfer  port  is  shown,  which  combines  the  virtues  of  the  gradient  type 
and  blocking  type  transfers.  It  is  bidirectional  but  only  requires  a  unipolar  current,  although 
different  in  phase,  in  a  single  weaving  conductor  to  effect  transfers  in  both  directions. 

In  Fig.2.10.4.c,a  bubble  in  the  major  loop  is  originally  located  at  A.  A  transfer  current  is  applied 
as  the  field  direction  passes  this  position.  A  repelling  magnetic  field  pocket  is  created  at  position  D 
and  an  attracting  pocket  at  E.  These  pockets  are  further  enhanced  by  the  flux  switched  in  the 
Permalloy  bars  due  to  the  crossing  of  the  bars  by  the  conductors.  The  net  result  is  a  strong  shift  of 
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the  field  gradient  from  the  normal  propagation  path  to  the  transfer  path  at  a  current  of  the  order  of 
25  mA.  With  further  field  rotation,  the  bubble  is  moved  to  position  A’.  A  similar  shift  in  the  field 
gradient  takes  place  when  transferring  out  of  the  minor  loop  into  the  major  loop.  Because  of  the 
long  Permalloy  bar  at  the  corner,  the  transfer-out  current  is  slightly  higher. 


The  selection  of  one  of  two  intersection  propagation  channels  may  be  effected  by  controlling  the 
size  of  the  domain  at  the  intersection  (Bobeck  and  Della  Torre,  U.S.  Patent  3,523,286).  Refer  to 
Figure  2.10.5.  A  current  loop,  when  activated,  locally  lowers  the  bias  field  and  enlarges  the 
domain  size.  In  the  angelfish  configuration,  an  enlarged  domain  will  latch  onto  and  then  propagate 
into  the  vertical  channel,  while  a  small  domain  will  remain  in  the  horizontal  channel.  In  the  T-bar 
devices,  the  switches  are  illustrated  by  propagation  channels  radially  arranged  around  a  central 
disk.  A  domain,  only  when  enlarged,  will  latch  onto  and  propagate  into  a  T-bar  channel. 


(a)  (b)  (c)  (d) 


Fig.  2.10.5  Switch  by  adjusting  domain  size;  (1)  Angelfish  configuration.  Bubble 
expansion  at  T-intersection  by  local  current  will  lead  the  bubble  upwards  (a  through  d). 
Otherwise,  the  bubble  propagates  to  the  right  (e  through  h).  (2)  T-bar  configuration. 
When  a  bubble  is  expanded  at  45°  position,  it  latches  onto  the  T-bar  pattern.  Otherwise, 
it  circulates  around  the  disc,  (after  Bobeck  and  Della  Torre,  U.S.  Patent  3,523 ;286.  Figs. 
2,  3,  5,  and  6). 
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Bonyhard  et  al.  (U.S.  Patent  3,613,058)  has  proposed  the  use  of  a  hard  magnetic  material  with 
superimposed  conductors  as  switches  at  selected  sites  of  a  soft  overlay  for  propagation.  When  a 
conductor  is  pulsed,  its  field  will  aid  the  rotating  field  to  magnetize  the  hard  permalloy  pattern  and 
enable  bubble  passage.  Smith  (U.S.  Patent  3,599,190)  further  proposed  that  a  latching  switch  can 
be  realized  if  a  hard  layer  is  added  to  the  vertical  bar  of  the  T,  whose  magnetization  can  be  set  in 
one  direction  or  the  other  by  an  external  field,  but  cannot  be  reset  by  the  normal  rotating  field. 
Depending  on  the  magnetic  state  of  the  hard  pattern,  bubbles  are  guided  into  one  channel  or  the 
other  (see  Figure  2.10.6). 


(a) 


(b) 


(0 


(d) 


(e) 


(f) 


(h) 


the  rotating  field.  Bubbles  propagate  to  the  right  when  the  hard  layer  is  magnetized 
upward  (a  through  d);  to  the  left  when  magnetized  downward  (e  through  h).  (after 
Smith,  U.S.  Patent  3,599,190,  Figs.  7  through  14). 


Channel  Selection  by  Domain  Control 

The  movement  of  bubble  domains  in  one  channel  or  another  can  be  determined  by  the  presence  or 
absence  of  a  control  domain  in  an  idler,  which  is  determined  in  turn  by  the  advance  of  a  single 
domain  in  a  set  or  reset  input  channel  (Chow  (U.S. Patent  3,638,208)).  Refer  to  Fig.  2.10.7, 
which  consists  of  two  building  blocks  (14  and  40).  The  first  one  determines  the  presence  or 
absence  of  the  control  domain.  A  "set"  bubble  from  channel  S,  will  advance  to  idler  17  and 
recirculate  in  it.  A  "reset"  bubble  from  channel  R,  will  circulate  in  idler  16  once,  dislodging  the  set 
bubble  to  bubble  eater  El  and  clearing  itself  to  bubble  eater  E2.  Additional  set  bubbles  will  exit 
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via  7  to  E2  due  to  the  repulsion  force  from  the  first  set  bubble  in  idler  17.  The  second  building 
block  takes  input  bubbles  from  generator  G.  The  presence  or  absence  of  the  control  bubble  and 
its  repulsive  force  will  respectively  make  the  input  bubbles  exit  at  S  or  R.  Of  course,  all  the  inputs 
and  outputs  may  contain  bubbles  from  and  to  other  functional  areas  on  the  same  bubble  chip. 


Fig.  2.10.7  Channel  selection  by  domain  control  (after  Chow,  U.S.  Patent  3,638,208,  Fig. 

2). 

2.11  Signal  Routing  Devices 

Bubble  domains  have  a  fundamental  difference  from  other  devices  in  that  the  information  is  in  the 
form  of  bubbles  and  the  transmission  is  by  bubble  propagation  rather  than  electromagnetic  wave 
propagation.  This  permits  extensive  information  processing  within  the  bubble  medium,  with  the 
information  always  in  the  form  of  bubble  patterns.  By  contrast,  in  a  ferrite  core  device  the 
information  is  stored  at  a  stationary  core  in  the  form  of  a  magnetization  state,  but  must  be 
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transformed  into  an  electrical  signal  for  transmission.  In  a  semiconductor  device,  the  information 
is  stored  at  a  stationary  p-n  junction  in  the  form  of  a  potential  state,  but  must  be  transformed  into 
an  electrical  signal  for  transmission.  The  ability  to  store,  transmit  and  interact  information  all  in 
the  form  of  bubbles  is  not  only  aesthetically  appealing,  but  also  of  practical  importance.  It 
eliminates  or  reduces  electrical  inter-connections  and  power  dissipation.  However,  it  also  poses  its 
own  unique  problems;  for  instance,  the  long  delay  associated  with  bubble  travel  in  large  chips,  and 
the  time  synchronization  of  bubbles  on  paths  of  different  lengths. 

The  intrinsically  different  nature  of  signal  transmission  for  bubbles  has  prompted  the  invention  of 
a  number  of  signal  routing  devices  which  will  be  described  below: 

idler 

cross-over 
compressor 
fan-out  and  fan-in 
switch 

complementary  bubble  streams 
three-dimensional  transmission 

Idler  -  An  idler  is  a  propagation  device  closing  upon  itself  (Figure  2.1 1.1(1)).  Once  a  bubble 
enters  an  idler,  it  circulates  until  it  is  dislodged  by  a  field  other  than  the  propagation  field. 
The  idler  thus  provides  memory  capability  to  a  given  bit  location.  A  number  of  signal 
routing  (see  below)  and  logic  devices  (Morrow  and  Perneski,  U.S.  Patent  3,577,131,  see 
Sec.  2.12)  can  be  constructed  from  idlers. 

0 

(1) 

Idler 


3  I 

4 


Rotating  field 


Fig.  2.1 1.1 
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Fig.  2.11 .1  (Cont.)  Bubble  idler  and  signal  routing  devices  therefrom,  (1)  An  idler.  (2)  A 
cross-over  circuit.  DO  is  the  idler  bubble.  The  y-data  stream  D1 ,  D2,  D3  and  the  x-data 
stream  D4,  D5,  D6  cross  each  other  while  retaining  their  respective  information 
contents,  (after  Morrow  and  Perneski,  U.S.  Patent  3,543,255,  Figs.  14  through  30).  (3) 
A  compressor  circuit.  Idlers  in  cascade  can  deliver  an  output  bubble  at  one  end  when  an 
input  bubble  is  received  at  the  other  end,  all  within  the  same  field  rotation  period,  (after 
Bonyhard  and  Danylchuk,  U.S.  Patent  3,623,034,  Figs.  1  and  12  through  14). 
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Intersecting  Propagation  Channels  -  Two  intersecting  channels  may  propagate  data  streams 
without  interference  when  a  bubble  idler  is  employed  at  the  intersection  (Morrow  and 
Perneski,  U.S.  Patent  3,543,255,  see  Figure  2.11.1(2)).  The  idler  bubble  is  displaced  by  an 
approaching  bubble  and  continues  to  travel  in  its  direction.  Even  when  two  bubbles  from 
two  channels  enter  the  idler  during  the  same  field  cycle,  they  enter  at  different  time  phases 
and  permit  the  idler  to  serve  as  a  link  for  both  channels  without  interference. 

Alternatively,  at  the  crossover  point,  a  common  element  can  be  provided  which  passes 
bubbles  for  the  two  channels  separated  in  time  by  momentarily  retarding  one  of  the  bubbles 
(Lee,  U.S.  Patent  3,676,873).  See  Figure  2.1 1.2.  Note  that  no  idler  nor  idler  bubble  is 
required  for  this  scheme. 


transmitting  the  bubble  from  another  channel  (after  Lee,  U.S.  Patent  3,676,873,  Figs.  2 
and  4  through  8). 

Compressor  -  A  bubble  can  be  virtually  transferred  from  point  A  to  point  B  within  one  field 
rotation  if  the  two  points  are  connected  by  a  succession  of  idlers  slightly  skewed  so  as  to 
favor  bubble  motion  from  point  A  to  point  B.  A  bubble  entering  point  A  will  successively 
push  all  bubbles  which  have  filled  all  the  idlers  and  thus  force  a  bubble  to  emerge  at  point  B. 
(Bonyhard  and  Danylchuck,  U.S.  Patent  3,623,034).  See  Figure  2.11.1(3).  The  number  of 
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stages  in  the  compressor,  hence  the  distance  over  which  a  bubble  can  be  instantaneously 
transmitted,  is  limited  by  the  energy  contained  in  the  bubble  entering  point  A,  and  the  loss 
incurred  in  bubble  displacement.  An  oscillating  field  to  lower  Hc  or  a  booster  circuit  to 
replenish  bubble  energy  can  be  used  to  increase  the  length  of  the  compressor. 

Fan-out  -  In  signal  distribution  by  electrical  conductors,  fan-out  is  merely  a  question  of  ensuring 
adequate  voltage  and  power  at  the  several  output  points.  By  contrast,  in  signal  distribution 
by  bubble  propagation,  the  original  bubble  must  be  multiplied  to  equal  the  number  of  output 
points.  This  can  be  accomplished  by  elongating  a  bubble  into  a  serpentine  domain  and 
severing  it  into  many  bubbles  (Fig.  2.1 1.3a).  Alternatively,  a  bubble  can  be  split  successive¬ 
ly  in  stages.  Another  method  is  to  store  2n  bubbles  at  the  n-th  stage  (n  =  1,2,...)  in  neutral 
positions.  When  the  first  bubble  at  the  first  stage  is  dislodged  from  its  neutral  position,  it 
magnetostatically  repels  the  next  two  bubbles  in  the  second  stage  into  a  field  region  to 
advance  them  and  interact  with  the  next  stage.  (Copeland,  U.S.  Patent  3,680,066).  Note 
that  in  the  first  scheme,  the  fan-out  capability  is  limited  by  the  ability  of  bubble  elongation, 
while  in  the  other,  by  the  radius  within  which  a  bubble  can  effectively  repel  another  bubble. 


SPLITTER  WINDINGS  4  j  BUBBLE  DIRECTION 


Fig.  2.1 1.3  Bubble  fan-out  circuits,  (a)  By  splitting  (after  Almasi,  IBM  Tech.  Disclosure 
Bulletin  [70A]).  (b)  By  successively  triggering  stages  of  more  bubbles  (after  Copeland, 
U.S.  Patent  3,680,066,  Fig.  1) 


Fan-in  -  When  a  compressor  circuit  is  provided  with  multiple  inputs,  one  per  idler,  there  will  be  an 
output  bubble  regardless  of  at  which  idler  an  input  bubble  is  injected.  See  Fig.  2.1 1.4. 


Switch  -  When  there  are  two  alternative  paths  of  propagation,  a  switch  selects  the  path.  The 
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switches  are  added  to  the  regular  means  of  propagation  and  only  activated  during  a  selected 
period  of  time.  Three  mechanisms  for  implementing  a  switch  for  bubble  devices  have  been 
proposed:  current  loop,  rotating  field  control,  and  domain  control.  For  details,  see  Sec. 
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Fig.  2.11.4  Bubble  fan-in  circuit,  (after  Chang  et  al.,  IBM  Tech.  Disclosure  Bulletin, 
[72CHH]). 


Complementary  Bubble  Streams  -  A  conductor-access  double -rail  shift  register  (Copeland  et  al. 
[71CEJR])  provides  two  complementary  bubble  streams,  with  information  pattern  (bubbles 
and  voids)  in  one  rail  complemented  by  its  negative  (voids  and  bubbles)  in  the  other. 


Another  configuration  consists  of  two  superimposed  magnetic  films  which  complement  each 
other  in  information  pattern  (Michaelis,  U.S.  Patent  3,480,925).  See  Figure  2.1 1.5. 


Fig.  2.1 1.5  Complementary  data  streams.  Two  magnetic  sheets  are  used  to  store  magnetic 
domains  to  represent  ONE  and  ZERO  respectively.  In  the  figure,  the  information 
pattern  100001  is  stored,  (after  Michaelis,  U.S.  Patent  3,480,925,  Fig.  2). 


ID,  2D,  and  3D  Propagation  -  The  one- dimensional  shift  registers  have  been  amply  described  in 
Sections  2.4  through  2.7 .  A  3-phase  drive  conductor-access  (Bobeck  [69B])  and  a  rotating- 
field-access  (Kita  et  al.  [72KIK])  two-dimensional  shift  register  arrays  are  shown  in  Figure 
2.11.6(a)  and  (b).  The  conductor-access  two-dimensional  shift  register  array  propagates 
information  in  the  x-  or  y-direction  by  activating  y-running  or  x-running  drive  lines.  The 
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rotating-field-access  two-dimensional  shift  register  propagates  information  in  the  x-  or  y- 
direction  corresponding  to  clockwise  or  counter-clockwise  field  rotation. 

Moreover,  bubbles  can  be  virtually  transferred  between  superimposed  chips  (Chang,  U.S. 

Patent  3,736,577;  Chang  and  Fan,  U.S.  Patent  3,760,387;  and  Joel,  U.S.  Patent  3,81 1,1 18). 

In  essence,  the  bubble  generation  in  one  chip  is  effected  by  the  presence  of  a  bubble  in 
another  chip.  Thus  the  generation  and  subsequent  propagation  of  the  bubble  in  the  first 
chip  can  be  considered  as  the  continuation  of  bubble  propagation  from  the  second  chip.  (See 
Figure  2.1 1.6(c)).  Note  that  all  integrated  device  structures  are  two  dimensional  devices,  as 
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hFROM  BUBBLE  GENERATOR  I4B 


TO  BUBBLE  BUSTERS 


C 


Fig.  2.11.6  (Cont.)  Two-dimensional  and  three-dimensional  shift  registers,  (a)  3-phase 
2-D  conductor-driven  S.R.  (after  Bobeck  at  al.  [69BFPRU]  ,  Fig.  13).  (b)  Field-access 
Y-bar  2D  S.R.  (after  Kita  et  al.  [72KIK] ,  Fig.  lb),  (c)  Bubble  propagation  can  be 
virtually  continued  from  one  chip  to  another.  When  one  chip  is  superimposed  on  the 
other,  3D  propagation  becomes  possible,  (after  Chang,  U.S.  Patent  3,736,577,  Fig.  2). 


restricted  by  the  processing  techniques.  The  bubble  devices  have  gained  the  third  dimension 
due  to  its  ability  to  magnetostatically  interact  in  all  three  dimensions,  and  due  to  the 
possibility  of  multilayer  deposition. 

Several  additional  multilayer  bubble  device  configurations  have  been  proposed.  Lock  (U.S. 
Patent  3,676,872)  describes  a  method  of  propagating  small  bubbles  (singly  or  in  groups)  in 
one  film  by  larger  bubbles  in  another  film.  Thus  small  bubbles  can  be  manipulated  by 
easy-to-make  large  conductor  or  permalloy  patterns  via  large  bubbles.  Myer  (U.S.  Patent 
3,806,899)  describes  a  magnetoresistive  detector  which  is  placed  between  two  bubble  films 
and  only  yields  a  signal  when  two  bubbles  from  the  two  storage  films  are  present  simultane¬ 
ously  at  the  detector.  The  use  of  magneto-optic  detection  of  bubbles  in  two  super-imposed 
bubble  storage  films  has  been  proposed  by  Myer  (U.S.  Patent  3,806,903)  and  Ahn  and  Lin 
(see  Sec.  3.4.2,  Fig.  3.4.4). 

Multilayer  epitaxial  garnet  films  have  been  reported  by  Bobeck  et  al.  [73BBL]  and  Uchishiba 
et  al.  [73UTNS].  Multilayer  amorphous  films  offer  even  greater  opportunity  since  the 
constraint  of  epitaxial  film  growth  on  single-crystal  substrate  is  completely  removed. 
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2.12  Logic  Devices 

This  section  includes: 

(A)  a  discussion  of  the  need  for  logic  devices  in  the  bubble  technology; 

(B)  a  survey  of  the  journal  and  patent  literature  on  bubble  logic  devices; 

(C)  a  discussion  of  the  intrinsic  attributes  of  bubble  domains  basic  to  all  bubble  logic  devices; 

(D)  a  description  of  five  classes  of  bubble  logic  devices. 

(E)  a  summary  of  experimental  status. 

A.  Why  Bubble  Logic 

It  is  generally  known  that  a  complete  set  of  logic  functions  permits  the  realization  of  any  computer 
function.  To  implement  a  complete  computer  with  a  single  technology  is  always  a  tantalizing 
objective.  It  is  further  known  that  all  information  manipulation  machines,  large  or  small,  need 
logic  capabilities,  lake  the  bubble  memory  as  an  example.  Logic  functions  must  be  performed  in 
error  detection  and  correction,  in  address  decoding,  and  in  the  control  unit  to  coordinate  its 
operation  with  the  rest  of  the  computer  system. 

Bubble  domain  technology  offers  several  advantages  for  logic  devices: 

1.  Since  energy  dissipation  during  propagation  is  replenished  by  the  driving  field,  and  the 
information  bits  are  re-quantized  by  the  bias  field,  the  logic  operation  may  take  as  many 
steps  in  space  and  in  time  as  needed. 

2.  The  bubble  devices  also  offer  low  cost  and  low  power  dissipation,  thus  permitting  applica¬ 
tions  such  as  array  logic  and  associative  memory  or  processor  which  require  large  chip 
capacity. 

3.  The  cell  configurations  for  bubble  logic  and  for  memory  are  compatible.  Hence,  it  is 
possible  to  have  a  mixture  of  memory  and  logic  at  very  local  scale. 

4.  The  logic  functions  of  some  bubble  devices  can  be  easily  altered  by  re-programming  drive 
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pulses  or  rewriting  personalization  data,  thus  permitting  the  use  of  basic  cells  to  implement 

all  logic  functions. 

Note  that  all  previous  magnetic  logic  devices  must  rely  on  active  semiconductor  circuits  for  energy 
replenishment  and  bit  re-quantization.  The  difficulties  of  interfacing  two  different  technologies, 
such  as  matching  signal  levels  and  electrical  interconnections,  have  prevented  their  coming  into 
use.  The  magnetic  core,  film,  and  wire  memories  all  use  semiconductor  logic  circuits  for  control. 
For  magnetic  disks  and  tapes,  semiconductor  circuits  are  relied  upon  to  a  much  greater  extent.  The 
control  units  serve  the  essential  functions  of  error  detection  and  correction,  data  routing  and 
management,  etc.  As  a  matter  of  fact,  even  semiconductor  memory  and  semiconductor  CPU  are 
separate,  because  of  limited  chip  size,  as  well  as  the  contrast  of  repetitive  cells  in  memory  versus  a 
great  variety  of  cells  in  logic.  With  the  advances  in  large  scale  integration,  much  recent  attention 
has  been  given  to  array  logic  (logic  implemented  with  memory  array)  and  functional  memory 
(memory  with  "distributed  logic  capability).  Thus,  the  general  trend  of  solid-state  technology  is  to 
blur  the  demarcation  between  memory  and  logic. 

There  is  yet  a  purely  defensive  reason  for  advocating  bubble  logic.  To  be  cost  competitive,  the 
chips  will  have  to  become  larger  in  capacity  and  higher  in  density.  The  stored  information  will 
become  more  vulnerable  to  smaller  defects  in  the  long  propagation  path.  Thus  on-chip  error 
detection  and  correction  techniques  will  be  necessary.  The  storage  capacity  will  increase  with  the 
chip  area  while  the  interconnection  pins  will  only  increase  with  the  peripheral  dimension 
(proportional  to  the  square  root  of  the  area).  Given  the  fact  that  data  control  and  data  integrity 
are  based  on  logic  capability,  it  appears  a  reasonable  deduction  that  logic  capability  interspersed 
with  memory  will  be  needed  for  any  chip-oriented  and  pin-limited  memory  technology. 

B.  Literature 

The  literature  on  bubble  logic  is  limited,  but  potent.  The  device  concepts  are  reported  in  several 
papers  and  patents:  Programmable  cellular  logic  by  Bobeck,  Scovil  and  Shockley  (U.S.  Patent 
3,541,522);  field-access  bubble  devices  —  logic  connective  (Sandfort  and  Burke  [71  SB])  and 
chevron  3-3  circuits  (Bobeck  and  Scovil  [72BS],  and  Minnick  et  al.  [72MBSS]);  resident-bubble 
cellular  logic  by  Garey  [72G];  and  symmetric  switching  function  bubble  logic  by  Chang,  Chen  and 
Tung  [73CCT].  Esoteric  mathematical  studies  on  computation  by  bubble  interactions  were 
reported  by  Graham  [70G],  Feiedman  and  Menon  [71FM],  and  Yodokawa  [73 Y].  The  cellular 
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logic  has  been  pursued  in  hardware  implementation  by  Carlson  et  al.  [72CPRRW]  and  in  concep¬ 
tual  study  for  error  correction  by  cyclic  block  codes  by  Ahamed  [72A].  Another  application  is  a 
content  addressable  memory  using  the  programmable  cellular  logic  by  Bobeck  et  al.  (U.S.  Patent 
3,541,522). 

C.  Bubble  Attributes  Useful  for  Logic 

Basic  to  bubble  logic  is  the  repulsive  magnetostatic  force  between  bubbles.  If  two  output  paths  are 
made  available,  a  bubble  will  follow  an  easy  path  on  its  own,  but  a  hard  path  if  repelled  by  another 
bubble.  By  various  combinations  of  the  input  and  output  paths,  different  logic  connectives  are 
implemented.  The  easy  and  hard  paths  are  controlled  by  the  permalloy  overlay  geometry 
(thickness,  width,  length,  shape,  and  spacing),  and  materials  (soft  and  hard  layers).  Other  useful 
attributes  are  embodied  in  the  idlers,  which  offer  capabilities  for  storage,  and  cross-overs  with  or 
without  interaction. 

D.  Five  Classes  of  Logic  Devices 

( 1 )  Programmable  cellular  logic 

The  primary  objective  of  this  appraoch  is  to  use  rectangular  cells  of  standard  size  and  structure, 
which  can  be  used  to  compose  arrays  of  variable  size  and  for  various  functions.  A  cell  may 
interact  with  its  four  adjacent  cells.  Through  common  external  wiring  (horizontal  and  vertical), 
groups  of  cells  can  be  operated  synchronously  and  in  response  to  drive  pulse  programs.  It  is 
through  the  programmable  drive  pulses,  rather  than  device  structure  variations,  that  the  individual 
cells  are  made  to  realize  any  logic  connective,  and  groups  of  cells  made  to  perform  algorithms  (e.g., 
a  content  addressable  memory). 

Strictly  speaking,  only  propagation  and  interaction  of  resident  bubbles  are  needed  to  realize  the 
logic  cells.  However,  in  Patent  3,541,522,  by  Bobeck  et  al.,  examples  are  given  based  on  the 
propagation  and  interaction,  as  well  as  generation  and  annihilation  of  bubbles.  Specific  schemes 
are  described  for  replication,  inversion,  cell  rotation,  AND  and  OR. 

Refer  to  Fig.  2.12.1  for  an  illustration  of  a  simple  bubble  logic  gate  based  on  transfer  operation 
using  conductor  loops.  Consider  two  bubble  positions  A  and  B  which  store  the  values  of  x  and  y 
respectively.  There  is  a  current  loop  at  B.  The  current  loop  is  activated  to  perform  the  transfer 
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operation.  If  no  bubble  resides  at  A,  nothing  happens.  A  bubble  at  A  will  be  attracted  to  B  if  no 
bubble  resides  at  B.  If  both  A  and  B  are  occupied  by  bubbles,  then  again  nothing  happens, 
because  the  repulsion  force  between  the  two  bubbles  counteracts  the  attraction  force  exerted  by 
the  current. 


(a) 


A  B 


BUBBLE 


O  VOID 


(b) 

A  B  A  B 


X  Y 

X.Y  X+Y 

0  0 

0  0 

0  1 

0  1 

1  0 

0  1 

1  1 

1  1 

BEFORE 

AFTER 

TRANSFER  TRANSFER 

Fig.  2.12.1  Logic  operation  based  on  bubble  transfer  using  conductor  loops. 


All  possible  situations  in  such  an  operation  are  summarized  in  the  truth  table  in  Fig.  2.12.1(c). 
After  the  transfer,  A  and  B  store  the  values  of  x  •  y  and  x  +'y  respectively.  The  input  data  were 
replaced  by  the  results.  Therefore,  a  working  storage  will  be  required  for  such  logic  device.  The 
versatility  of  the  transfer  operation  has  been  studied  by  Graham  [70G].  Various  means  to  make 
this  operation  sufficient  to  compute  any  switching  function  are  discussed  by  Friedman  and  Menon 
[71FM]. 


(2)  Field-Access  Bubble  Devices 

Sandfort  and  Burke  [71  SB]  described  logic  functions  implemented  with  field-access  devices.  No 
attempt  was  made  to  standardize  cell  size.  As  a  rule  of  thumb,  the  device  area  per  logic  function  is 
about  4  times  the  area  for  a  memory  bit.  For  the  convenience  of  discussion,  bubble  domain  logic 
devices  are  classified  into  conservative  and  nonconservative  systems. 


(2a)  Conservative  System 

In  a  conservative  system,  the  total  number  of  bubbles  entering  the  inputs  are  equal  to  that  leaving 
the  outputs.  In  other  words,  there  is  no  bubble  generation  nor  annihilation.  Let  us  consider 

several  examples  with  two  inputs  (minimum  number  for  bubble  interaction).  In  Figure  2.12.2 
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(AND/OR),  in  channels  A  and  B,  the  four  bubble  positions  (1,  2,  3,  4)  during  the  cycle  of  bubble 
interaction  are  indicated.  In  channels  A  •  B  and  A  +  B,  two  bubbles  repel  each  other  at  positions 
3.  The  B  bubble  is  forced  to  take  the  hard  path  4’,  and  leaves  the  output  channel  A  •  B.  The  A 
bubble  travels  to  the  usual  output  A  +  B. 


Fig.  2.12.2  AND/OR  logic  devices  (after  Sandfort  and  Burke  [71SB],  Fig.  2  a). 

In  Figure  2.12.3  (AND/EXCLUSIVE  OR),  when  there  is  only  an  A  bubble  or  B  bubble,  it  travels 
to  A(+)B.  However,  if  both  A  and  B  bubbles  are  present,  the  repulsion  occurs  at  field  phase  2  to 
force  the  bubbles  to  travel  to  A  •  B’s,  but  no  bubble  to  A^)  B.  The  two  A  •  B’s  are  equivalent, 
and  only  one  need  be  used  as  the  output  for  A  •  B. 


A  B 


Fig.  2.12.3  EXCLUSIVE  OR/AND  logic  devices  (after  Sandfort  and  Burke  [71SB], 

Fig.  3). 

With  two  inputs,  there  are  four  possible  input  states.  See  Figure  2.12.4.  Corresponding  to  each, 
the  output  function  may  either  assume  the  value  of  "1"  or  "0".  Of  the  14  nontrivial  output 
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functions,  seven  violate  the  restriction  of  bubble  conservation  by  requiring  a  bubble  output  for  a 
"00"  input.  With  two  inputs,  there  must  be  two  or  more  outputs  (hence  the  term  conjunctive 
logic)  in  order  to  ensure  bubble  conservation.  Hence  the  seven  remaining  output  functions  are 
combined  into  sets  which  conserve  bubbles  (see  Figure  2.12.5).  Set  numbers  1  and  3  are  already 
implemented  in  Figures  2.12.2  and  2.12.3,  respectively. 


Sixteen  Possible  Output  Functions 
of  Two  Input  Variables 
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Fig.  2.12.4  The  sixteen  possible  output  functions  for  two-input  logic  devices  (after 
Sandfort  and  Burke  [71  SB] ,  Table  1) 


Six  Allowable  Sets  of  Conjunctive  Logic  Outputs 


OUTPUT 
SET  NO. 
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A-B 

A+B 
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S-B 

A 

5 

A-B 

A-S 
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A-B 

A-B 

AS 

A-B 

Fig.  2.12.5  The  six  allowable  sets  of  conjunctive  logic  outputs  (after  Sandfort  and  Burke 
[71  SB],  Table  II). 


(2b)  Nonconservative  System 


When  bubble  generators,  splitters,  or  annihilators  are  incorporated  into  a  logic  device,  the  device 
no  longer  conserves  bubbles.  The  simplest  example  is  a  one  input  and  one  output  INVERTER. 
When  there  is  no  input  bubble,  a  built-in  generator  feeds  a  bubble  to  the  output.  But  when  there  is 
an  input  bubble,  it  repels  the  generator  bubble  and  both  bubbles  will  travel  to  the  annihilators  to 
be  destroyed.  Another  implementation  is  to  take  conjunctive  logic  gate  No.  3  in  Figure  2. 12.5 
(i.e.,  the  device  in  Figure  2.12.3)  and  make  the  input  to  A  always  "1",  (i.e.,  make  it  a  bubble 
generator).  Then  the  three  outputs  will  become  two  "B"  outputs  and  one  "B". 
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By  cascading  conjunctive  logic  gates  1  and  3,  NAND  (A#B)  and  NOR  (A  +  B)  functions  are 
obtained  (see  Figure  2.12.6).  Obviously  larger  surface  area  and  two  levels  of  logic  are  needed  for 
these  functions. 


,B  iTFF 


Fig.  2.12.6  Composition  of  logic  functions  from  conjunctive  logic  gates:  NAND  (A+B) 
and  NOR  (A+B)  (after  Sandfort  and  Burke  [71  SB] ,  Fig.  1). 


(2c)  Chevron  3-3  logic 


An  extension  of  the  field-access  conjunctive  logic  gates  is  the  chevron  3-3  circuits.  As  the  name 
implies,  the  circuits  have  3  inputs  and  3  outputs.  Moreover,  the  bubble  paths  can  be  made  more 
versatile  than  the  simple  easy /hard  variety.  Four  examples  are  shown  in  Figure  2.12.7:  uniform- 
field  channel,  graded-field  channel,  repulsion-effective-only  channel,  and  strongly-graded-field 
channel.  The  three  input  paths  converge  at  an  interaction  channel  which  determines  the  type  of 
interaction  by  varying  the  width  and  spacing  of  the  chevron  patterns. 


A 


/\  y\  S/\ 

(a) 


\  's'  ^  /\  / .  //^ 

/\  y\  s\y\  ^  ^  ^  ^ 

/\  ^  ^  //  /\  /V 

'  \  /\\ 


(b) 


aaaaa<o^a/\aaa 

/\  />  /\  /N  xv 

.  /\  A  /\  /X  /\  /\ 

(c) 


£ 


/\  /\  /\  /\  /\  /S  /\  /\  /\ 

/\  A A  y\  y\  /\  /\ 

vv  vcv 


y\ysi 

/\  //x ^  x\  * 


Fig.  2.12.7  Chevron  3-3  circuits  (a)  Uniform  field  channel  (b)  Graded  field  channel 
(c)  Repulsion-effective-only  channel  (d)  Strongly  graded  field  channel  (after  Minnick  et 
al.  [72MBSS2,  Figs.  9  through  12). 


Based  on  the  bubble  conservation  principle,  no  bubble  exits  if  no  bubble  enters;  three  input 
bubbles  must  follow  their  original  paths  to  the  exits.  For  a  single  input  bubble,  its  path  is  solely 

determined  by  the  permalloy  overlay.  A  single  bubble  will  remain  in  its  own  path  in  the  uniform- 
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field  channel,  or  gravitate  to  the  path  of  the  greatest  chevron  density  in  the  graded-field  channel 
and  the  strongly-graded-field  channel.  Of  course,  a  bubble  in  the  isolated  path  in  the  repulsion- 
effective-only  channel  must  remain  on  its  path. 


For  the  case  of  two  input  bubbles,  the  movement  of  bubbles  is  influenced  by  both  the  permalloy 
overlay  and  the  repulsion  between  bubbles.  In  both  the  uniform-field  and  graded-field  channels, 
two  input  bubbles  will  exit  from  the  top  and  bottom  paths.  However,  for  the  repulsive-effective 
channel,  an  input  at  y  will  remain  on  the  y-  path  even  if  there  is  a  simultaneous  input  at  x,  but  the 
same  y  input  will  be  repelled  to  take  the  x  path  if  there  is  a  simultaneous  input  at  z.  In  the 
strongly-graded-field  channel,  an  input  bubble  to  y  will  always  stay  on  the  y  path,  regardless  of  the 
simultaneous  input  at  x  or  z.  The  logic  functions  performed  by  the  four  different  channels  are  also 
indicated  in  Figure  2.12.7. 

(2d)  Counters  and  Flip-Flops 

A  class  of  versatile  counters  are  described  by  Morrow  and  Perneski  (U.S.  Patent  3,577,131).  In 
the  illustrative  example  shown  in  Figure  2.12.8  the  counter  consists  of  two  parallel  channels.  The 
input  bubbles  enter  the  upper  channel  and  fill  the  idler  positions  from  the  left.  The  rightmost 
position  always  holds  a  bubble  D  to  stop  the  bubble  stream.  When  the  third  bubble  enters  position 
D3,  it  is  prevented  from  moving  rightward  by  the  bubble  in  D2  and  deflected  to  the  lower  channel. 


Fig.  2.12.8  Counters.  Two  bubbles  enter  the  upper  channel  to  fill  up  the  idler  positions 
D1  and  D2.  A  third  bubble,  which  cannot  enter  the  already  filled  upper  channel,  will 
travel  along  the  lower  channel,  to  dislodge  bubbles  in  D1  and  D2  to  clear  the  counter, 
and  to  register  a  count  of  three  bubbles  at  the  output,  (after  Morrow  and  Perneski,  U.S. 
Patent  3,577,131,  Fig.  1). 
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This  third  bubble,  during  its  travel  along  the  lower  channel,  dislodges  bubbles  in  D2  and  D1 ,  which 
will  then  travel  to  annihilators.  The  upper  channel  is  thus  cleared.  The  third  bubble  will  travel  to 
an  output  position  to  register  a  count  of  three  bubbles;  or  travel  to  the  input  of  an  identical 
counter,  which  will  register  an  output  for  every  32  th  bubble.  It  is  obvious  this  class  of  counters 
can  have  any  number  base  nm,  with  n  and  m  being  any  positive  integer. 

A  bubble  flip-flop  circuit  is  shown  in  Figure  2.12.9.  The  state  of  the  flip-flop  is  determined  by  the 
presence  or  absence  of  a  trapped  circulating  domain  at  the  idler.  Each  new  domain  entering  the 
input  channel  x  changes  the  state  of  the  flip-flop  by  becoming  trapped  in  the  idler  if  it  is  empty,  or 
by  forcing  out  the  trapped  domain  from  the  idler  if  it  is  full. 
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Fig.  2.12.9  Flip-flop  circuit.  The  state  of  the  flip-flop  is  determined  by  the  presence  or 
absence  of  a  trapped  circulating  domain  at  the  idler.  Each  new  domain  entering  the 
input  channel  x  changes  the  state  of  the  flip-flop  by  becoming  trapped  in  the  idler  if  it  is 
empty  or  by  forcing  the  trapped  domain  from  the  idler  if  it  is  full,  (after  Perneski 
[69P] ,  Fig.  5). 


(3)  Resident-Bubble  Cellular  Logic 


The  resident-bubble  logic  cells  are  in  common  with  the  programmable  cellular  logic  in  that  both 
have  standard-sized  cells  to  enable  realization  of  complex  logic  nets.  However,  the  resident- 
bubble  logic  cells  do  not  rely  on  different  pulse  programs,  but  rather  on  different  device  structures 
to  realize  different  functions.  Both  schemes  use  extensive  area  for  each  cell,  which  is  also  attended 
by  larger  delay  per  logic  operation.  The  basic  cells  can  be  combined  to  realize  desired  logic 
functions  in  a  manner  quite  similar  to  classical  design  techniques  for  semiconductor  logic  devices  as 
illustrated  by  the  cellular  realization  of  a  full  adder  by  Garey  [72G]. 


An  example  (Figure  2.12.10)  is  included  here  to  illustrate  the  realization  of  the  NAND  function  by 
a  resident-bubble  cell.  One  bubble  resides  and  circulates  within  the  cell.  The  two  difficult  paths 
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are  denoted  by  the  zigzag  lines.  An  input  is  effected  by  the  presence  of  an  adjacent  cell  bubble  at 
one  of  the  two  input  terminals  as  denoted  by  the  arrows  toward  the  cell  at  the  upper  and  lower 
edges,  when  the  resident  bubble  propagates  by.  An  output  is  effected  when  the  resident  bubble 
travels  along  the  path  adjacent  to  the  right  edge.  It  can  be  easily  seen  that  there  is  an  output  unless 
bubbles  are  present  at  both  inputs. 
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Fig.  2.12.10  An  example  of  resident-bubble  cellular  logic -NAND  function,  (after  Garey 
[72G] ,  Fig.  4). 


Several  other  functions  —  transmission,  two-directional  cross-over  and  set-reset  flip-flop  —  are  also 
demonstrated  by  Garey  [72G]. 

(4)  Symmetric  Switching  Function  Logic  and  Threshold  Logic 
(4a)  Symmetrical  Switching  Function  Logic 

The  applications  of  the  bubble  logic  devices  discussed  so  far  are  limited  either  by  irregularity  of 
circuit  connection  or  by  low  density.  The  implementation  of  symmetric  switching  functions  {Chang 


et  al.  [73CCT])  provides  a  versatile  logic  device  with  high  density  and  low  connectivity.  More 
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importantly,  it  points  out  the  direction  that  viable  bubble  logic  devices  must  be  rewriteable, 
universal,  and  with  multiple-inputs. 


Some  switching  function  can  be  computed  by  counting  the  number  of  1  ’s  among  the  inputs.  For 
example,  consider  the  three-input  function  xyz  (i.e.,  AND).  The  value  of  this  function  is  1  if  and 
only  if  all  the  3  variables  x,  y,  and  z  are  l’s,  otherwise  0.  Such  a  function  is  called  a  symmetric 
switching  function  since  its  value  does  not  change  when  the  input  variables  are  permuted.  Further 
examples  are  shown  in  Figure  2.12. 11. 

CANONICAL  FORM 

AND  =  XYZ 

EXCLUSIVE  OR  =  XYZ  +  XYZ  +  XYZ 
SUM  =  XYZ  +  XYZ  +  XYZ  +  XYZ 

CARRY  =  XYZ  +  XYZ  +  XYZ  +  XYZ 

SYMMETRIC  SWITCHING  FUNCTION 


S (A/X) 

Nl 

X 

II 

X 

AND 

A  =  3 

EXCLUSIVE  OR 

A  =  1 

SUM 

A  =  1,3 

CARRY 

A  =  2,3 

Fig.  2.12.1 1  Logic  functions  can  be  performed  by  counting  bubbles.  For  a  3-input  (x,  y, 
z)  logic  device,  the  canonical  forms  for  several  logic  functions  are  shown  in  the  figure.  It 
can  be  seen  that  there  is  an  AND  output  only  when  there  are  three  l’s  at  the  inputs. 

There  is  an  output  for  EXCLUSIVE  OR  when  there  is  only  a  single  1  at  one  of  the 
inputs.  There  is  an  output  for  SUM,  when  there  is  an  odd  number  of  l’s  (i.e.,  one  or 
three)  in  the  inputs.  There  is  an  output  for  CARRY,  when  there  are  two  or  more  l’s  in 
the  inputs. 

If  a  symmetric  switching  function  of  n  variables  has  the  value  1  when  exactly  m  variables 
(0<m<n)  are  l’s,  then  it  is  called  elementary,  and  can  be  written  as  nSm.  For  example,  the  AND 
function  xyz  is  elementary,  and  can  be  written  as  S3  (x,  y,  z).  Any  sysmetric  switching  function  S 
of  n  variables  can  be  expressed  in  terms  of  n  +  1  elementary  symmetric  switching  functions: 


S  =  a„ 


nS0  +  a, 


+  +  3n  *  nSn’ 


where 


nSm  =  2  XIX2  -  XmXm+l  -  V 

Each  coefficient  is  either  1  or  0.  These  n  +  1  coefficients  completely  determine  a  symmetric 
switching  function,  and  are  called  personalization  coefficients.  For  example,  the  sum  of  x,  y,  and  z 
can  be  written  as: 

Sum(x,y,z)=  0  •  3S0+1  •  3S,+0  •  3S2+1  •  3(x,y,z). 

To  compute  a  symmetric  switching  function  by  a  bubble  device  using  the  method  mentioned 
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above,  we  need  to  count  the  number  of  bubbles  at  the  inputs  and  to  compare  it  with  the  personali¬ 
zation  coefficients.  The  personalization  coefficients  are  represented  as  a  bubble  stream  which 
consists  of  n  +  1  bit  positions.  The  i-th  bit  position  from  the  left  of  the  personalization  stream 
represents  the  value  of  aM,  at  which  a  bubble  denotes  1,  a  void  0.  After  counting  the  input 
bubbles  the  number  is  also  represented  in  a  similar  way,  i.e.,  a  bubble  in  the  i-th  position  from  the 
left  denotes  that  there  are  i-1  bubbles  at  the  inputs.  A  bubble  at  the  first  position  indicates  that 


there  is  no  input  bubble. 


The  input  bubbles  are  counted  by  the  steps  (see  Fig.  2.12.12): 

1.  Assembling.  Assemble  the  parallel  input  bubbles  into  a  bubble  stream. 


INPUT  BUBBLE 
STREAM  X 


(a) 


(b) 


(c) 


X  z  w  s 

000  000  1000  0000 

001  100  0100  0100 

010  100  0100  0100 

100  100  0100  0100 

on  no  ooio  oooo 

ioi  no  ooio  oooo 

no  no  ooio  oooo 

111  111  0001  0001 

CONTROL  STREAM 
B 

0101 

Fig.  2.12.12  An  example  of  bubble  implementation  of  symmetric  switching  functions. 

(a)  The  bubble  gravitator  takes  all  the  input  bubbles  and  gravitates  them  towards  one 
end.  The  leading  bubble  detector  translates  the  total  number  of  input  bubbles  to  the 
position  of  one  bubble  in  an  otherwise  all -void  data  stream  (W).  The  personalizable 
control  bubble  stream  defines  the  logic  function  by  placing  bubbles  in  a  data  stream  to 
represent  a-numbers  (B).  The  interaction  of  the  data  streams  W  and  B  yields  the  output. 

(b)  Permalloy  patterns  for  the  above  mechanisms,  (c)  Truth  table. 
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2.  Gravitation.  Gravitate  the  bubbles  in  the  stream  to  the  left. 

3.  Locomotion.  Flush  the  gravitated  bubbles  into  the  leading  bubble  detector. 

4.  Leading  bubble  detection.  Annihilate  all  bubbles  except  the  leading  bubble.  In  other 
words,  the  number  of  input  bubbles  is  translated  into  the  position  of  a  single  bubble  in 
the  input  data  stream. 

5.  Comparison.  The  detected  bubble  number  (denoted  by  its  position  in  the  stream)  is 
ANDed  with  the  personalization  coefficients  which  are  stored  in  a  shift  register.  The 
coincidence  of  two  bubbles  from  the  input  data  stream  and  the  personalization  stream 
during  any  one  of  the  n  +  1  cycles  yields  a  1,  otherwise  0. 


(4b)  Threshold  Logic 

Lin  and  Yao(U.  S.  Patent  3,780,312)  describe  another  novel  bubble  logic  circuit  which  does 
not  use  interactions  between  adjacent  bubbles  to  provide  logic  functions.  Instead,  threshold 
logic  is  used  in  which  the  logic  inputs  are  bubbles.  If  the  sum  of  the  weighted  inputs  is  at 
least  equal  to  the  threshold,  the  output  of  the  logic  device  will  be  ONE.  If  the  sum  of  the 
weighted  input  is  less  than  the  threshold,  the  output  will  be  ZERO. 

With  bubbles  as  logic  inputs,  threshold  logic  is  provided  by  multiple  sensing  elements  (e.g. 
magnetoresistors),  each  of  which  is  responsive  to  an  input  bubble.  The  magnetoresistive 
sensing  elements  are  serially  connected  to  provide  a  logic  gate.  Their  geometry  or  thickness 
can  be  changed  to  vary  the  weighting  of  the  logic  inputs.  In  addition,  the  internal  decision 
threshold  is  changed  by  varying  the  current  through  the  magnetoresistive  sensing  elements. 

The  total  voltage  developed  across  all  the  magnetoresistive  sensing  elements  is  summed  and 
applied  to  a  threshold  detector  which  provides  a  binary  ONE  output  if  the  threshold  is 
equalled  or  exceeded.  When  the  threshold  is  not  exceeded,  the  detector  binary  output  is 
ZERO. 

Another  implementation  of  threshold  logic  is  proposed  by  Kohara  (U.  S.  Patent  3,820,091). 
Instead  of  varying  the  sensing  elements  to  provide  the  weighting  factor,  each  input  bubble  is 
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split  an  appropriate  number  of  times  to  provide  the  weighting  factor.  Permalloy  and 
conductor  patterns,  including  a  circuit  to  split  bubbles,  are  described  by  Kohara. 

(5)  A  Magnetic-Bubble  Pipelined  Re-Writeable  Universal  Logic  Array 

A  universal  re-writeable  logic  array  which  consists  of  a  bubble-to-bubble  decoder  and  a 
connection  array  has  been  proposed  (Chen  et  al.  [74CCL]).  The  decoder  employs  magnetic 
bubble  AND/EXCLUSIVE  OR  conjugate  gates  arranged  in  a  cellular  structure.  The 
connection  array  uses  AND  gates  and  cross-over  circuits.  Such  an  array  is  ameanable  to 
read-only  as  well  as  rewriteable  pipelined  operations.  The  function  performed  by  the  array 
may  be  varied  with  each  set  of  personalization  data  to  achieve  dynamically  alterable  logic. 

It  is  well-known  that  any  switching  function  f  of  n  Boolean  variables  can  be  expressed  as  the 
weighted  sum  of  the  minterms. 

f(xn>  =  a^x^...^  +  a1^_1...£ax1  +  ...  +  a^x^..^  withN  =  22.  Clearly 

a0  =  f(0,0,...,0,0) 

at  =  f(0,0,...,0,l) 

a2  =  f(0,0,...,l,0),  etc., 

andaN1  =  f(l,l,...,l,l). 

A  universal  logic  array  to  implement  the  above  switching  function  can  be  obtained  by 
linking  a  decoder  mechanism  to  a  connection  array,  as  shown  in  Fig.  2.12.13.  The  decoder 
accepts  the  n-bit  input;  and,  according  to  the  input  bit  pattern,  activates  (i.e.,  sends  a  ONE 
along)  only  one  minterm  line.  In  the  connection  array,  the  output  from  the  jth  minterm  line 
(i.e.,  the  jth  column)  is  ANDed  with  the  personalization  coefficient  a-,  such  that  a  ONE 
output  occurs  if  and  only  if  both  are  ONE’S. 

All  the  ANDing  results  are  ORed  together  to  form  the  final  function  output  f(xn,x  n_,,...,x,). 
It  is  simple  to  perform  the  final  ORing  since  only  one  of  the  N  inputs  is  nonzero. 

Array  logic  has  been  explored  for  the  semiconductor  technology,  for  example,  see  R.  A. 
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Henle,  et  al.,  ’’Structured  Logic,”  AFIPS  Conf.  Proc.,  35,  pp.  61-7,  1969.  In  fact,  personal- 
izable  read-only  array  logic  chips  have  become  commercial  products.  The  device  described 
here  is  the  first  attempt  to  utilize  bubble  shift  registers  in  a  pipelined  re-writeable  universal 
array  logic.  A  universal  array  can  compute  any  function.  A  re-personalizable  array  can 
compute  different  functions  by  re-programming  the  personalization  coefficients.  A  re- 
personablizable  array  amenable  to  pipeline  operation  can  dynamically  alter  its  function  and 
offer  high  overall  computing  bandwidth  if  a  function  can  be  properly  partitioned  into  several 
pipelined  operations. 


Fig.  2.12.13  An  n-input  universal  bubble  logic  array.  The  decoder  array  generates  the  2n 
minterms  from  the  n  inputs.  In  the  connection  array,  each  minterm  bubble  is  ANDed 
with  its  personalization  bubble.  The  output  is  obtained  through  the  cascaded  “wired 
OR”  gates.  ; 


(6)  A  Comparison 

A  preliminary  comparison  of  the  various  bubble  logic  devices  has  been  made  by  Lee  and  Chang 
[73LC].  The  different  logic  devices  are  used  to  implement  a  three-input  full  adder,  and  the  chip 
area  and  operation  delay  are  estimated  (see  Fig.  2.12.13).  Note  that  the  resident-bubble  cellular 
logic  requires  excessive  delay  and  area. 

It  should  also  be  emphasized  that  when  the  number  of  inputs  increases,  the  symmetric  switching 
function  device  will  increase  moderately  in  area  and  delay  while  the  other  approaches  will  increase 
significantly. 
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The  following  comments  are  offered  on  the  bubble  logic  devices. 

1.  The  four  field-access  devices  which  include  the  conjunctive  logic  gates,  the  3-3  chevron  logic, 
the  resident-bubble  cellular  logic,  the  symmetric  switching  functions,  as  well  as  the  current-loop 
logic  devices,  are  all  complete. 

They  are  complete  because  each  offers  universal  logic  gates:  AND  and  NOT;  OR  and  NOT; 
NAND;  or  NOR.  Each  can  be  used  to  realize  any  switching  function  by  interconnecting  a  finite 
number  of  devices  without  feedback  loops.  The  interconnection  of  devices  may  require  the 
repeated  use  of  some  of  the  inputs,  hence  the  fan-out  capability  of  the  input  variables. 

2.  Bubble  logic  devices,  at  least  conceputally,  have  gone  beyond  the  stage  of  emulating  semicon¬ 
ductor  logic  devices.  The  resident-bubble  cellular  logic  and  the  symmetric  switching  functions 
offer  two  interesting  examples  to  emphasize  this  point. 
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CLG:  Conjugate  logic  gate 

RCL :  Resident-bubble  cellular  logic 

3-3:  3-3  Circuit 

SSF:  Summetrical  switching  function  device 

Fig.  2.12.14  Comparison  of  bubble  logic  devices  in  terms  of  delay  and  area  for  a 
three-input  full-adder  implementation. 

The  cellular  logic  was  conceived  to  facilitate  the  design  of  different  functions,  by  using  a  few 
building  blocks  of  standard  size  and  delay.  This  is  a  tested  vaible  approach  with  the  semiconductor 
technology.  However,  as  the  results  in  Fig. 2. 12. 14  show,  the  resident-bubble  cellular  logic  is 
inferior  to  all  other  bubble  logic  devices  both  in  space  and  delay.  One  should  note  that  to  translate 
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a  logic  design  (e.g.,  composing  the  full  adder  from  NAND  gates)  into  hardware  design  is  a 
topological  exercise  with  semiconductors  since  the  interconnection  by  electromagnetic  waves 
consumes  almost  no  time;  while  it  is  a  geometrical  exercise  with  bubbles  since  interconnection  by 
bubble  propagation  incurs  a  delay  proportional  to  the  length  of  the  bubble  path.  Space  and  time 
are  wasted  not  only  at  the  stage  of  basic  cell  design,  but  also  at  the  stage  of  interconnection  of 
basic  cells  to  realize  functions  (again  to  equalize  delays  and  fit  cells  together).  The  failure  of  the 
resident-bubble  cellular  logic  illustrates  that  direct  emulation  of  semiconductor  logic  is  not  a 
profitable  approach. 

By  contrast,  the  symmetric  switching  function,  which  has  never  been  a  convenient  approach  with 
semiconductors,  lends  itself  readily  to  bubble  implementation.  It  offers  competitive  performance 
(space  and  delay)  as  the  conventional  logic  connectives  as  implemented  by  bubbles.  In  addition,  it 
is  universal  and  rewriteable,  and  accommodates  multiple  inputs.  The  success  derives  from  the 
convenience  of  counting  bubbles,  an  intrinsic  attribute  of  the  bubble  phenomena. 


3.  The  future  development  of  bubble  logic  should  be  in  the  direction  of  rewriteable  and  multi¬ 
input  devices  amenable  to  array  logic.  Such  characteristics  have  already  been  demonstrated  by 
symmetric  switching  function  bubble  devices,  although  only  initially  and  conceptually.  The 
function  of  a  symmetric  switching  function  device  is  determined  not  by  the  device  structure,  but 
by  its  personalization  stream,  thus  amenable  to  rewriting.  The  multiple  input  capability  is  deter¬ 
mined  by  the  number  of  idlers  allowable  in  the  device.  With  low  coercivity  materials  and/or 
means  to  boost  up  energy  for  bubbles  in  idlers,  tens  of  idlers  in  tandem  appear  practical.  The 
capability  of  multiple  inputs  and  the  capability  for  performing  high-level  functions  (e.g.,  SUM) 
instead  of  merely  logic  connectives  (e.g.,  AND)  greatly  reduce  the  interconnection  and  hence 
delay  equalization  problem.  Bubble  logic  devices  will  continue  to  evolve.  In  keeping  with  the 
materials  advances  which  will  provide  larger  and  larger  chip  capacity,  the  viable  and  preferred 
bubble  logic  devices  must  also  be  amenable  to  large-scale  array  logic. 


(E)  A  Summary  of  Experimental  Status 

Bubble  logic  devices  differ  from  the  conventional  bubble  memory  devices  in  that  the  former 
depends  on  the  interaction  (at  present,  magnetostatic  in  nature)  of  bubbles  while  the  latter 
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employs  non-interacting  bubbles.  During  bubble  to  bubble  interaction,  the  size  of  a  bubble  may 
vary  by  a  factor  of  three  over  the  free-bubble  stability  range  in  bias  field.  Consequently  the 
bubble-bubble  force  varies  by  a  factor  of  twenty  seven,  resulting  in  vulnerability  of  bubble 
operation  to  small  extraneous  forces  (such  as  bubble  material  coercivity)  at  high  bias  field  where 
bubbles  are  small  and  the  interaction  is  weak. 

Early  reports  on  experimental  bubble  logic  devices  (e.g.  Carlson  et  al.  [72CPRRW])  show 
discouragingly  narrow  bias-field  margins  even  at  high  drive  fields  and  quasi-static  operating 
speeds.  However,  more  recent  reports  by  Bonyhard  et  al.  [73  BCS]  and  T.  J.  Nelson  (Bell  Lab., 
paper  to  appear  in  IEEE  Trans,  on  Mag.)  indicate  that  adequate  performance  has  been  obtained 
for  practical  use  of  bubble  logic  devices.  Bonyhard  et  al.  have  employed  novel  T-X  elements. 
Nelson  employs  a  current  to  enlarge  bubbles  during  interaction.  For  the  AND-OR  gate  reported, 
operation  at  100  KHz  in  a  25  Oe  rotating  field  with  28.8  jum  circuit  periodicity  was  achieved  with 
about  50  percent  of  the  free  bubble  bias  field  margins. 
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Applications 


3.1  Introduction 

Following  the  invention  of  bubble  domain  devices  in  1966,  shift  registers  in  bulk-crystal  orthofer¬ 
rite  platelets  were  operated  in  1968,  in  bulk-crystal  garnet  platelets  in  1969,  and  in  garnet  thin 
films  in  1970.  Most  of  the  development  effort  has  been  directed  towards  a  15  x  106-bit  capacity 
memory  (Geusic  [72G]).  The  status  of  progress  in  1973  can  be  summarized  as  follows: 


Storage  density 

Defect-free  chip  capacity 

Yield  of  chips  with 
specified  properties 

Yield  of  chips  complete 
with  overlays 

Data  rate 

Module  size 


106  bits/in2 
104bits 
70  percent 

30  percent 

105  bits/sec/shift  register 

106  bits 


It  is  anticipated  that  a  fully  populated  15  x  106-bit  memory  will  be  in  operation  in  1974-1975.  In 
addition  to  the  above  main  development  effort,  there  are  broad-front  advances  in  materials, 
fabrication  techniques  as  well  as  device  concepts.  The  more  significant  ones  are  listed  below: 
Small-bubble  garnet  films  ( 108  bit /in2  density) 

Amorphous  GdCo  films  (100-bit  shift  register) 

Single-level-mask  memory  array  (no  alignment) 

Ion-implanted  magnetic  patterns  (large  patterns  to  manipulate  small  bubbles) 

The  bubble  technology  is  not  only  showing  viability  and  competitiveness  at  present r  but  also 
demonstrating  considerable  vitality  and  extendability. 

Note:  Underlined  references  are  included  in  the  reprint  sections  of  this  volume. 
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With  a  reasonable  assurance  of  a  feasible  and  economical  materials  technology  (see  Chapter  5),  it 
is  the  purpose  of  this  chapter  to  examine  a  wide  range  of  applications  for  bubbles,  starting  with  the 
extensively  studied  memory  and  storage  devices  and  extending  to  the  more  speculative  logic 
processors,  image  processing,  and  integrated  optics. 

An  emerging  technology  often  starts  by  emulating  the  device  and  system  configurations  of 
established  technologies.  For  example,  most  of  the  early  transistor  circuits  were  merely  transistor¬ 
ized  vacuum-tube  circuits.  The  evolving  understanding  of  the  physics,  materials,  processing,  and 
structural  capabilities  has  led  to  new  devices  and  applications  —  solar  batteries,  Gunn  oscillators, 
IMP  ATT,  heterojunction  lasers,  charge-coupled  devices,  etc.,  and  most  important  of  all,  integrated 
circuits. 

Another  example  is  the  magnetic  film  memory.  At  first,  two  identical  in-phase  current  pulses  were 
used  for  coincident  selection,  exactly  as  in  ferrite-core  memories.  It  was  only  realized  later  that 
the  astroidal  threshold  curve  for  uniaxial  films  can  be  better  utilized  by  a  large  hard-direction  word 
field  for  fast  read,  and  a  small  easy-direction  bit  field  applied  at  the  trailing  edge  of  the  word  field 
for  write. 

The  two  examples  demonstrate  that  the  full  development  of  a  new  technology  must  arise  from  the 
appreciation  of  the  intrinsic  attributes  of  the  phenomena  (physics  and  device),  as  well  as  the 
processing  capabilities  (materials  and  structures).  The  present  chapter  emphasizes  the  device 
aspect,  leaving  the  physical  aspect  as  the  subject  for  Chapter  4,  and  materials  and  structure  making 
as  the  subject  for  Chapter  5. 

This  chapter  consists  of  the  following  sections: 

3.2  Several  memory-organization  concepts—  major/ minor  loops,  on-chip  decoders,  dynamic 
ordering,  and  coincident  selection  —  are  described  and  compared.  The  current  technology 
status  are  summarized. 

3.3  The  potential  economy  and  performance  of  bubble  devices  may  prove  suitable  for  applica¬ 
tions  ranging  from  main  memories  to  large-capacity  files.  The  essential  features  of  a  storage 
hierarchy  is  examined. 
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3.4  Besides  the  standard  read- write  memories,  various  bubble  device  configurations  are  suitable 
for  read-only,  content-addressable,  random-access,  and  coincident  bubble  memories. 

3.5  GdIG  (mono-  or  poly-crystalline)  and  GdCo  (amorphous)  films  for  beam-addressable  files 
are  based  on  magneto-optic  effects  for  reading  and  thermomagnetic  effects  for  writing. 

3.6  The  image  processing  capabilities  of  bubbles  are  illustrated  by  a  display  device,  a  picture- 
rotation  device,  and  the  manipulation  of  pattern  by  a  laser  beam. 

3.7  High-quality  garnets  with  adequate  Faraday  magneto-optic  effect  permits  the  construction 
of  optical  waveguides,  and  switching  and  modulating  devices. 

3.8  Bubbles  are  the  holders  as  well  as  propagators  of  information.  This  feature  greatly  facili¬ 
tates  data  manipulation  applications. 

3.9  The  switching  network  applications  are  based  on  time  relationship  among  domains  in 
properly  arranged  shift  registers.  They  include  line  scanners,  switching  matrix,  time  slot 
interchanger,  etc. 

3.10  Conceptually  speaking,  a  sufficient  variety  of  bubble  logic  devices  has  been  described  to 
permit  the  design  of  any  digital  data-processing  system. 

3.11  Bubble  devices  are  possible  candidates  for  recording-head  applications. 

3.12  Multidimensional  polynomial  algebra  is  used  as  a  formalism  to  describe  a  variety  of  bubble 
circuits  for  generation,  annihilation,  temporary  freezing,  movement,  boundary  crossing, 
looping,  routing,  inverting  binary  content,  opening  and  closing  gaps,  duplication,  branching, 
etc. 

3.2  Memory  Organizations 

This  section  describes  memory-organization  concepts  and  the  current  status  of  their  hardware 
implementation.  The  design  of  components  for  such  memories  has  been  summarized  in  Chapter  2. 

The  range  of  applications  for  such  memories  will  be  discussed  in  Sec.  3.3  (Storage  Hierarchies).  A 
number  of  other  memory  configurations,  interesting  but  not  in  the  mainstream  pursuit  at  present, 
will  be  presented  in  Sec.  3.4. 

The  purpose  of  memory  organization  techniques  in  all  technologies  is  to  achieve  minimum  numbers 
of  drive  lines,  interconnection  pins,  and  peripheral  circuits,  as  well  as  short  access  time  and  cycle 
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time.  A  wide  range  of  memories  —  magnetic  cores,  permalloy  films,  semiconductors,  and  super- 
conductors  —  are  organized  for  coincident  selection.  The  basic  mechanism  is  their  current  or 
voltage  switching  threshold  property. 

In  contrast,  the  basic  mechanism  useful  for  most  bubble  memory  organizations  is  the  ability  to 
steer  a  bubble  stream  from  one  propagation  track  to  another  by  a  localized  switch.  The  switches  in 
popular  use  today  are  localized  current  loops,  which  either  actively  transfer  bubbles  on  its  own,  or 
hold  bubbles  to  enable  a  rotating  field  to  transfer  bubbles.  Similarly,  with  suitably-designed 
permalloy  patterns,  a  variation  in  direction,  amplitude,  or  sequence  of  the  rotating  field  can 
perform  the  switch  function;  and  the  steering  of  bubbles  can  also  be  effected  by  placing  steering 
bubbles  on  suitably-designed  permalloy  patterns  (See  Sec.  2.10). 

The  concepts  of  several  bubble  memory  organizations  —  major/minor  loops,  decoders,  coincident 
selection,  and  dynamically-ordered  shift  registers  —  have  been  reviewed;  and  their  efficacies  in 
achieving  economy  and  improving  performance  have  been  compared  by  Chang  [72C].  In  this 
section,  both  the  conceptual  and  hardware  developments  for  these  memory  organizations  will  be 
updated.  While  most  of  the  hardware  development  is  concentrated  on  the  major/ minor  loops,  it 
should  be  noted  that  the  other  three  schemes  are  by  no  means  less  important.  Decoders  are  more 
versatile  than  the  major/minor  loops  since  they  offer  address  selection  capability  on  the  bubble 
chip.  The  coincident  selection  scheme  provides  array  modularity,  limits  vulnerability  to  defects, 
and  reduces  access  time  for  large-capacity  chips.  The  dynamic  ordering  greatly  reduces  the  access 
and  cycle  times. 

3.2.1  Major/Minor  Loops 

In  this  organization  (see  Fig.  3.2.1),  the  information  is  stored  in  parallel  minor  loops.  Through 
switch  action,  all  bits  belonging  to  the  same  selected  word  are  transferred  in  parallel  at  transfer 
stations  from  the  minor  loops  into  the  major  loop,  and  serially  propagated  to  the  detection,  clear, 
and  re-write  circuits  which  are  shared  by  the  entire  memory;  and  then  returned  to  transfer  stations 
to  be  transferred  back  to  the  minor  loops.  This  organization  has  been  studied  for  two  applications: 
a  repertory  dialer  and  a  mass  memory  (Bonyhard  et  al.  [70BDKS]). 

The  repertory  dialer  is  a  memory  which  stores  telephone  numbers  locally  in  the  customer’s  set.  By 
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STORAGE  minor  loops 
ACCESS  counter 
transfer 
major  loop 

READ  magnetoresistor 
CLEAR  annihilator 
WRITE  generator 


Fig.  3.2.1  Major-minor-loop  bubble-memory  organization.  The  entire  memory  chip  has 
only  four  lines  respectively  for  transfer,  write,  erase,  and  sense  (plus  ground).  A  bubble 
mass-memory  can  be  organized  so  that  a  number  of  minor  loops  hold  data  and  transfer 
them  on  command  into  a  major  loop  for  readout.  Here  data  (light  color)  have  been 
transferred  from  six  minor  loops  into  a  previously  empty  major  loop.  The  resulting  gaps 
in  the  minor-loop  data  streams  can  be  replaced  by  either  the  old  data  or  new  data.  New 
data  are  inserted  into  the  memory  by  transferring  selected  bubbles  from  the  bubble 
reservoir  loop  (G-X)  in  response  to  “write”  commands  (D).  Data  are  erased  from  the 
memory  by  operating  (E)  and  transferring  bubbles  from  the  major  loop  into  the 
annihilator  (X)  at  lower  right.  Major-minor  loop  blocks  with  a  capacity  of  20,000 
bubbles  each,  interconnected  into  a  rectangular  array,  provide  random  access  to  streams 
of  data  in  a  15 -million-bit  memory.  T’s  and  E’s  are  interconnected  along  horizontals, 
D’s  and  S’s  along  verticals  (after  Bobeck  and  Scovil  [7 IBS] ,  page  90). 


FIGURE  3.2.4  (D) 
\ 

\ 


STORAGE  LOOP  CAP.  -  96  BITS 
TOTAL  STORAGE  CAP.- 3,648 
TOTAL  BIT  POSITIONS- 3,846 


Fig.  3.2.2  A  forty-eight-number  repertory-dialer  memory  is  also  based  on  major-minor- 
loop  organization  (after  Michaelis  and  Danylchuk  [71MD] ,  Fig.  1). 


83 


MAGNETIC  BUBBLE  TECHNOLOGY 

pushing  a  button,  the  selected  number  is  outdialed.  Typically,  48  numbers  of  15  decimal  digits 
each  are  stored.  Michaelis  and  Danylchuk  [71MD]  have  reported  a  3,648-bit  dialer  memory  (Fig. 
3.2.2)  which  has  48  words  of  76  bits  each  distributed  in  38  minor  loops  each  with  96  bits  (i.e.,  2 
bits  in  each  word  per  minor  loop).  The  switches  are  implemented  by  permalloy  patterns,  which  are 
responsive  to  the  sense  of  the  field  rotation. 


DRIVE  FIELD 
SEQUENCE 
2 


4 


Fig.  3.2.3  Transfer  gate.  This  early  version  of  major-minor-loop  memory  depends  on 
rotation-field  reversal  to  execute  data  transfer,  (after  Michaelis  and  Danylchuk  [71MD] , 
Fig.  2). 


(d) 


Fig.  3.2.4  Propagation  path  turns,  (a)  the  storage  loop  turn  utilizes  the  distorted 
“pipped-T”  elements,  (b),  (c)  and  (d)  the  lower,  central  and  upper  turns  of  the  major 
(or  assembly)  loop  (after  Michaelis  and  Danylchuk  [71MD] ,  Fig.  3). 
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The  transfer  gates*  and  propagation  paths  are  depicted  in  Figs.  3.2.3  and  3.2.4  respectively.  With 
forward  field,  the  bubbles  in  the  storage  loop  circulate  through  path  A  (Fig.  3.2.3).  When  the  field 
is  reversed,  the  bubbles  also  reverse  their  direction  of  travel  and  circulate  through  a  link  of  the 
assembly  loop,  which  provides  two  bit  positions  for  each  storage  loop. 

When  two  bits,  bubble(s)  or  void(s),  are  assembled  from  each  storage  loop  into  the  assembly  loop, 
the  field  is  again  put  in  forward  direction.  The  bits  in  the  storage  loops  are  then  cut  off  from  the 
assembly  loop,  and  the  assembled  word  is  propagated  to  the  common  detector.  Selective  clear  and 
write  are  performed  in  similar  fashion  by  the  assembly  loop  and  the  gates.  The  sensitivity  to  the 
direction  of  field  rotation  in  the  transfer  gate  is  obtained  by  distortions  of  the  T  and  Y  propagation 
element  configurations.  The  propagation  paths  in  the  storage  loop  and  assembly  loop  (lower, 
central,  and  upper  turns)  are  contoured  by  the  permalloy  patterns  (see  Figure  3.2.4,  A  through  D 
respectively). 

The  mass  memory  objective  has  been  summarized  by  Geusic  [72G]: 

15  x  106  bit  capacity 

768  chips  (.2  cm2,  20,000  bits  each) 

192  I.C.  amplifiers 

4.9  cm3  active  memory  volume 

At  100  KHz,  20  Oe  rotating  field: 

2.5  ms  avg.  access  time 
2  x  105  words/sec 

0.66  /xW/bit/total/power/dissipation 
At  1  MHz,  20  Oe  rotating  field: 

0.25  ms  avg.  access  time 
2  x  106  words/ sec 

0.9  jiiW/bit/ total/ power/ dissipation 
5  x  lO_30/bit,  assuming 

10  defects/ cm2  in  garnet  wafers 
10  defects/ cm2  in  processing 

*Refer  to  Sec.  2.10  for  a  description  of  various  types  of  switch  devices.  Also  note  that  while 
field-actuated  switches  (or  transfer  gates)  were  used  by  Michaelis  and  Danylchuk  [71MD], 
current-actuated  switches  were  used  subsequently  by  Bonyhard  et  al.  [73BGBCMS]  in  the  mass 
memory. 
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Steady  progress  has  been  made  towards  the  realization  of  the  mass  memory,  as  reported  by  the 
following  series  of  papers.  Bonyhard  et  al.  [73BGBCMS]  describe  the  choice  of  permalloy  and 
conductor  configurations  for  various  functional  components,  and  their  organization  into  a  mass 
memory  chip,  based  on  considerations  of  circuit  function  compatibility,  performance,  circuit 
density,  and  processing  simplicity.  For  propagation  elements,  T-bars  are  chosen  for  the  minor 
loops  because  they  are  compatible  with  the  transfer  gates  of  $-sign-permalloy /hair-pin-conductor 
design  (Smith  and  Kish  [73SK],  also  see  Sec.  2.10),  while  chevron  elements  are  used  in  the 
expander/detector  (Strauss  et  al.  [73SBC]).  A  field-nucleate  generator  (Nelson  et  al.  [73NCG]) 
is  chosen  because  it  does  not  need  initialization,  and  offers  extremely  wide  phasing  tolerances. 
The  chevron  guard-rail  detector  with  a  chevron  replicator  arrangement  (Bobeck  et  al.  [73BDRS]) 
is  chosen  for  the  sake  of  high  output  signals  and  economy  in  the  use  of  chip  area.  The  overall 
operating  characteristics  of  chips  having  20,510  bits  of  storage  capacity  have  been  measured, 
yielding  a  12  Oe  bias  field  margin  at  100  KHz  25  Oe  rotating  field.  The  authors  conclude  that 
their  chip  is  adequate  to  provide  the  basis  of  a  mass  memory.  Note  the  considerable  difference 
between  the  first-generation  repertory  dialer  design  and  the  current  version  of  the  mass  memory. 

The  mass-memory  module  design  and  operation  have  been  reported  by  Michaelis  and  Bonyhard 
[73MB].  The  goal  of  their  study  is  to  examine  the  technical  feasibility  of  organizing  a  multiplicity 
of  chips  into  a  modular  design  and  to  learn  some  of  the  problems.  The  flexible  module  can 
accommodate  a  range  of  chip  capacities  without  alteration  of  the  components;  it  consists  of  four 
ceramic  substrates  each  of  which  can  mount  from  1  to  14  chips  of  up  to  20  kilobit  capacity.  One 
to  four  of  these  populated  substrates  can  be  placed  into  a  common  drive-coil/bias-field-magnet 
assembly.  The  details  of  assembly  and  operation  such  as  bonding,  welding  assembly  of  parts, 
control  functions  and  detection  have  been  evaluated  using  memory  chips  of  10-  and  20-  kilobit 
capacities.  Module-mounted  20-kilobit  chips  have  been  successfully  read  cycled  (586-step 
transfer-read-transfer-circulate/read  cycle)  in  excess  of  1.4  x  108  times  (i.e.,  8.4  x  1010  field 
rotation  periods)  without  errors,  corresponding  to  an  information  error  rate  of  less  than  1010  per 
read. 

Exploratory  work  has  proceeded  in  parallel.  Bobeck  et  al.  [72BFS]  have  reviewed  a  variety  of 
garnet  compositions,  prepared  as  epitaxial  films  according  to  the  materials  specifications  for  the  1 5 
x  106  bit  field-access  mass  memory.  The  circuit  performance  has  been  substantially  improved  by 
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high-quality  epitaxial  garnets  and  chevron  circuits.  The  original  objectives  of  one  Mbit/sec  data 
rate  at  106  bit/in2  storage  density  have  been  met  by  a  20  /mi  period  2-bar  chevron  circuit  com¬ 
bined  with  a  2000  cm/sec/Oe  mobility  uniaxial  garnet  (Yj  03Gd1 29Yb0  68)  (Al07Fe43)O12.  It  is  also 
predicted  that  10  -  100  Mbit/sec  data  rates  will  be  achieved. 

The  chevron  patterns  have  then  been  evolved  into  a  propagation  -  expansion  -  detection  structure 
(Strauss  et  al.  [73SBC]),  which  allows  substantial  signal  without  sacrificing  data  rate  (see  Sec. 
2.8),  as  well  as  the  use  of  equal-thickness  propagation  and  detection  permalloy  elements  and  hence 
their  simultaneous  processing. 

Continual  evolution  of  the  chevron  structures  has  led  to  a  functionally  complete  bubble  memory 
chip  which  requires  only  a  single  mask  level  (Bobeck  et  al.  [73BDRS]).  Except  for  the  magnetore¬ 
sistive  sensor  area,  permalloy/conductor  composite  structures  are  used  for  propagation  and 
manipulation  of  bubbles,  as  well  as  for  control  of  generation,  annihilation,  transfer,  and  replica¬ 
tion. 


3.2.1  A.  A  Defect-Tolerant  Major/Minor  Loop  Memory  (Bogar  et  al.,  U.S.  Patent  3,792,450) 

The  conventional  major/minor  loop  memory  can  be  augmented  with  a  control  loop  to  identify  and 
segregate  flawed  areas  on  a  chip.  During  the  initial  testing  of  the  chip,  a  pair  of  test  bits  are  stored 
in  each  of  the  minor  loops,  and  that  information  when  retrieved  from  good  minor  loops  is  stored  as 
a  word  in  a  control  loop  to  identify  the  flawless  minor  loops.  The  control  loop  content  is  read 
during  normal  circulation  of  information  through  the  major  loop.  The  presence  of  identification 
bubbles  in  the  control  loop  activiates  the  write-in  circuit  so  that  the  information  will  be  assembled 
in  the  major  loop  to  be  transferred  only  to  the  good  minor  loops.  During  read-out  of  information 
from  the  major-loop,  the  absence  of  an  identification  bubble  cautions  the  readout  circuit  to  skip  a 
blank  space  (not  a  ZERO,  but  a  space  corresponding  to  an  avoided  defective  minor  loop). 

The  configuration  of  this  defect-tolerant  major/minor  loop  memory  is  shown  in  Fig.  3.2.4.  The 
familiar  components  assembled  around  the  major  loop  (61),  the  transfer  line  (63),  and  its  driver 
(T,  73)  in  the  center,  in  the  clockwise  direction  are: 

minor  loops  (52  through  58). 
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read-out  circuit  (magnetoresistor  74,  and  terminal  209) 

erasure  circuit  (transfer  driver  68,  transfer  block  8.7,  and  annihilator  88) 

write  circuit  (transfer  driver  67,  transfer  block  71,  write  generator  65,  write  annihilator  66). 

In  addition,  there  are  three  unique  components  in  this  fault-tolerant  memory: 

control  loop  (76)  (transfer  driver  69,  transfer  block  72;  read  head  75,  terminal  218;  write  head 
77,  terminal  219. 

column  marker  loop  (79)  (read  head  83,  terminal  86;  transfer  block  60). 
row  marker  loop  (78)  (read  head  84,  terminal  85;  transfer  block  60). 

The  major  loop,  the  minor  loops  and  the  row  marker  loop  are  all  of  the  same  length.  The  control 
loop  and  the  column  marker  loop  are  longer  by  two  bits. 

The  defect-tolerant  memory  adds  two  functions  to  the  conventional  major/ minor  loop  memory: 
defect  identification  and  segregation,  and  storage  of  such  information  in  the  control  loop  to  guide 
write  and  read;  and  timing  control  by  row  and  column  marker  loops. 

In  the  initial  testing  of  a  chip,  two  test  bits  are  written  into  each  minor  loop  during  two  loop 
circulation  periods.  After  the  test  bits  have  been  circulated  in  the  minor  loops,  they  are  re¬ 
assembled  in  the  major  loop.  However,  defects  in  the  minor  loops  such  as  shown  for  loops  55  and 
56  will  retain  the  test  bubbles  and  prevent  them  from  being  returned  to  the  major  loop.  The 
re-assembled  bit  pattern  is  transferred  and  stored  in  the  control  loop.  Note  that  the  control  loop  is 
two-bit  longer  than  the  major  and  minor  loops.  In  writing  information  into  the  minor  loops,  each 
word  is  assembled  in  the  major  loop  and  successively  transfered  into  the  minor  loops  at  t,=T, 
t2=2T+2tb,  t3=3T+4tb,  etc.  where  T  =  circulation  period  =  ntb  (n  =  no.  of  bits  in  a  minor 
loop  ,  tb  =  delay  per  bit  movement).  Hence  during  the  time  interval  of  t=0  to  t,,  (t,+2tb)  to  t2, 
(t2+2tb)  to  t3,  etc.,  the  same  bit  pattern  is  repeated  at  the  control  read  head  to  enable  selective 
write-in  to  avoid  defective  minor  loops.  Similarly  during  read  out,  the  control  bit  pattern  enables 
the  readout  circuit  to  skip  the  blank  bit  positions. 

The  row  and  column  loops  operate  together  to  identify  the  zero  position  of  each  loop  and  of  the 
digit  positions  within  the  loops.  The  row  loop  is  of  equal  length  as  the  minor  loops,  while  the 
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column  loop  is  two  bit  longer.  Two  consecutive  bits  are  stored  in  each  loop  for  timing  purpose. 
For  example,  the  beginning  of  the  write-in  operation  can  be  marked  by  the  coincidence  of  first 
timing  bit  in  row  marker  loop  (78)  at  row  read  head  84,  and  the  first  timing  bit  in  column  marker 
loop  (79)  at  column  read  head  83.  It  is  only  when  the  minor  loops  are  just  filled  in  with  all  the 
words,  will  the  timing  bits  in  the  two  loops  appear  coincidentally  again  at  their  respective  read 
heads. 

The  defect  identification  and  segregation  operation  will  leave  a  variable  number  of  good  minor 
loops,  depending  on  the  number  of  defects.  The  word  length  for  the  memory  should  be  chosen 
such  that  it  will  always  be  shorter  than  the  number  of  good  minor  loops.  There  will  also  be  gaps 
between  bit  positions  in  each  word,  due  to  the  defective  minor  loops.  But  the  electronic  read  and 
write  circuits  are  assisted  by  the  control  loop.  Besides  the  sensor  for  reading  out  information, 
three  additional  read  heads  (e.g.  magnetoresistive  sensors)  are  needed  for  control  purposes.  Since 
the  three  heads  must  operate  in  real  time,  they  may  have  to  be  Hall-effect  detector  in  a  very  high 
density  memory. 


Fig.  3.2.4  A  defect-tolerant  major /minor  loop  memory.  The  conventional  major/minor 

loop  memory  is  augmented  with  a  control  shift  register  to  identify  and  segregate  flawed 
areas  on  a  chip.  The  additional  row  and  column  marker  loops  circulate  marker  bubbles 
to  assist  the  timing  control.  (After  Bogar  et  al.,  U.S.  Patent  3,792,450). 

3.2.2  Decoders 

The  major/minor  loops  rely  on  an  external  counter  to  select  a  word,  and  then  transfer  all  bits  in 
this  word,  which  are  distributed  in  the  minor  loops,  to  the  major  loop.  By  contrast,  the  on-chip 
decoder  selects  one  out  of  many  parallel  shift  registers,  and  then  serially  accesses  all  the  bits  in  the 

selected  shift  register  (one  word).  An  on-chip  decoder  employs  properly  arranged  switches  in 

stages  (Fig.  3.2.5).  Each  stage  of  switches  screen  the  remaining  bubble  streams  from  the  previous 
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stage,  and  only  let  half  of  them  pass,  while  diverting  the  other  half  to  annihilators.  Thus  n  stages 
of  switches  under  the  control  of  n  (or  2n)  conductors  can  select  one  out  of  2n  shift  registers 
(Chang  et  al.  [72CFLR]). 


When  an  n-shift-register  decoder  is  placed  between  n  generators  and  an  n-shift-register  storage, 
selective  write-in  can  be  performed.  When  an  n-shift-register  decoder  is  placed  between  the 
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Fig .  3 .2 .5  (Cont .)  A  bubble-domain  decoder,  (a)  The  T  and  I  Permalloy  patterns  and  the  con¬ 

ductor  pattern,  (b)  The  truth  table,  (c)  A  schematic. To  select  channel  3  uniquely  (a),  i^= 
iff  =  i C  =  an<L  U  =  =  =  1*  In  the  corresponding  row  in  the  truth  table  (b), 

A=B=C=0  A=B=C=1.  The  corresponding  transmission  path  in  the  schematic  (c)  has 
switches  A,B,  and  C  left  closed  while  A,B,  and  C  are  open  (after  Chang  et  al. 
[71CFLR] ,  Fig.  5). 


n-shift-register  storage  and  a  detector,  selective  read-out  can  be  performed  (Chang  and  Genovese, 
U.S.  Patent  3,701,125).  When  the  switches  for  decoding  are  incorporated  into  the  storage-array 
shift  registers  themselves,  then  selective  read  and  write  as  well  as  selective  clear  can  be  performed 
(Chang  et  al.  U.S.  Patent  3,689,902;  Grubb  and  Liebschutz,  [72GL],  IBM  TDB). 

While  the  decoder  is  capable  of  selecting  one  out  of  many  shift  registers,  it  must  be  supplemented 
by  a  common  link  with  a  single  detector.  A  compressor  (i.e.  a  series  of  idlers)  with  multiple  inputs 
linked  through  a  decoder  to  many  shift  registers  will  always  transmit  a  signal  bubble  to  the  sensor 
instantaneously  regardless  of  the  location  of  the  input  (Chang  et  al.,  [72CHH],  IBM  TDB).  A 
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multi-input  chevron  expander  detector  will  also  equalize  the  delays  between  the  different  shift- 
register  outputs  and  the  detector.  There  will  be  initial  delay  in  read  associated  with  the  bubble 
expansion,  but  no  loss  in  data  rate. 

A  52-bit  bubble  memory  chip  which  is  arranged  in  four  shift  registers  and  accessed  by  a  decoder 
for  read,  clear,  and  write,  has  been  designed,  fabricated  and  measured  to  test  the  concept  of 
on-chip  bubble  decoder  (Almasi  et  al.  [72ACGHHJKPRJ]).  The  basic  switch  is  a  single-pole 
double-throw  switch.  Quasistatic  operation  has  been  demonstrated. 

A  conceptual  design  of  a  highly  reliable  108-bit  bubble  memory  has  been  reported  by  Almasi  et  al. 
[72ABC].  The  design  has  800  bits/register,  128  registers /chip,  16  chips/plane,  and  112  planes, 
of  which  only  7  are  activated  at  a  time.  A  word  has  64  data  bits  plus  32  check  bits,  used  in  a 
M16-adjacentM  code  to  provide  correction  of  any  combination  of  errors  in  one  plane. 

Bonyhard  et  al.  [73BCS]  have  examined  the  feasibility  of  taking  advantage  of  the  superior  access 
speed  of  the  decoder-type  memory  chip,  while  retaining  the  wide  operating  margins  and  high 
degree  of  data  integrity  that  have  been  achieved  for  the  much  more  extensively  developed 
major/minor  loop  memory  chips.  New  components  include  a  semi-circular  bubble  replicator  at  the 
corner  of  T-bar  or  TX  information  storage  loops,  half-period  wide  control  conductors  to  retard 
bubble  propagation  in  all  the  un-selected  channels,  etc.  The  bias  field  margins  for  both  replication 
and  decoding  have  been  found  to  be  substantially  as  wide  as  those  for  simple  propagation. 

Compared  to  decoding  in  semiconductor  chips,  the  bubble  decoder  is  very  economical  in  space 
utilization.  Typically  one  may  design  a  memory  chip  with  less  than  10  percent  area  devoted  to 
decoding.  Complementary  switches  (A  and  A,  etc.)  are  used  in  the  conventional  bubble  decoders. 
Almasi  and  Keefe  ([72AK],  IBM  TDB)  have  proposed  a  compact  switch  to  substitute  for  the  two 
complementary  switches,  which  reduces  both  the  space  and  delay  by  a  factor  of  two.  It  is  also 
possible  to  have  one  decoding  line  and  one  bipolar  driver  to  decode  an  entire  chip,  which  result  in 
the  ultimate  economy  in  space  and  drive  lines.  Since  the  switches  in  the  different  stages  of  a 
decoder  are  staggered  apart  in  time  of  operation,  it  is  possible  to  connect  all  decoding  lines  in 
series  to  share  one  driver  and  one  connection  (plus  ground).  As  before,  the  pulse  pattern  controls 
the  selection  of  a  shift  register.  It  should  be  noted  that  while  the  conventional  decoder  allows  a 
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continuous  information  flow  to  be  decoded,  the  present  version  can  decode  a  bit  in  N  cycles  (N  = 
number  of  decoding  stages)  (Fox,  [72F],  IBM  TDB,  and  Keefe  [73k],  IBM  TDB). 

The  switches  in  a  decoder  can  be  actuated  by  bubble-to-bubble  magnetostatic  interaction  instead 
of  a  field  generated  by  a  current  loop.  In  a  magnetic-bubble  alphanumeric  display  and  microfilm 
printing  device  proposed  by  Chang  and  Hayashi  ([73CH],  IBM  TDB)  a  large  amount  of  informa¬ 
tion  is  stored  in  compact  code  and  a  code  converter  is  used  to  convert  a  portion  of  the  information 
in  storage  from  compact  codes  to  lengthy  picture  codes  for  display.  The  code  converter  is  a 
decoder  which  utilizes  compact-code  bubbles  to  actuate  the  switches  and  thereby  releases  the 
corresponding  picture-code  bubbles  from  the  memory  storing  the  complete  set  of  picture  codes.  A 
bubble-actuated  switch  is  described  by  Hayashi  ([73H],  IBM  TDB). 

Keefe,  Lin,  and  Yao  ([71KLY],  IBM  TDB)  describe  a  decoder  with  built-in  memory.  The  basic 
switch  element  in  the  decoder  uses  a  stripline  and  a  pair  of  idlers  to  control  domain  movement 
between  one  of  two  channels.  This  type  of  switch  only  need  be  set  at  the  beginning  of  a  memory 
cycle  while  the  simple  current-loop  switches  must  sustain  a  current  during  the  entire  memory  cycle. 

Lin  ([72L],  IBM  TDB)  describes  decoders  for  write  and  read  for  angelfish-type  shift  registers.  A 
meandering  on-chip  conductor  is  used  to  supply  an  oscillating  field.  An  orthogonal  set  of  decoding 
lines  selects  a  shift  register  for  write  or  read. 

The  various  functions  in  a  memory  (straight-line  propagation,  corner-turning  propagation, 
generator,  replicator,  annihilator,  etc.)  all  have  different  operating  margins.  A  common  conductor, 
which  is  shared  by  all  shift  registers  for  each  function,  can  be  used  to  extend  the  operating  margin. 

Decoders  are  used  to  provide  selectivity  (see  Almasi  et  al.  [72ACHK],  IBM  TDB). 


3.2.3  Dynamically-ordered  Shift  Registers 

The  address  patterns  generated  by  real  data  processing  programs  are  not  random  but  fairly 
sequential.  Moreover,  recently  used  data  tend  to  be  used  again.  Therefore,  by  maintaining  more 
recently  used  data  near  the  front  of  the  shift  registers,  the  average  access  time  can  be  significantly 
reduced.  In  fact,  it  has  been  claimed  that  magnetic-bubble  shift  registers  employing  dynamic 
ordering  may  provide  random-access  core-memory  speed  at  serial-access  disk-file  cost. 
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Fig.  3.2.6  An  arrangement  for  a  dynamically-ordered  shift-register  array  (after  Chang 
[72C] ,  Fig.  3). 

An  arrangement  for  a  dynamically-ordered  shift  register  array  (Beausoleil  et  al.  [72BBP]  and 
Bonyhard  and  Nelson  [73BN]  is  shown  in  Figure  3.2.6.  The  data  are  organized  into  words.  A 
word  consists  of  n  address  bits  and  m  data  bits,  which  are  distributed  among  (n  +  m)  shift 
registers. 

In  contrast  to  the  conventional  solid-state  memories  in  which  each  word  is  assigned  to  a  fixed 
location  with  a  fixed  addreess,  the  dynamically-ordered  shift-register  array  constantly  rearranging 
its  words  which  carry  their  own  addresses  according  to  the  following  algorithm: 

A.  When  an  address  is  requested,  all  shift  registers  are  shifted  right  until  the  requested 
address  is  in  the  read/write  position. 

B.  With  each  shift  the  most  front  address  is  compared  with  the  requested  address.  When 
a  match  is  achieved,  the  shift  is  halted  and  the  total  number  of  right  shifts  made  has 
been  counted. 

C.  The  shift  registers  are  then  shifted  left  by  the  number  of  right  shifts  minus  one,  leaving 
the  requested  address  in  the  most  front  position  (i.e.,  the  read/write  position). 


The  above  algorithm  can  be  implemented  by  field-gated  bi-directional  shift  registers  as  shown  in 
Figure  3.2.7.  As  a  result  of  field  gating,  the  most  front  bit  in  a  shift  register  can  only  shift  right  in 
response  to  clockwise  rotating  field,  while  all  other  bits  can  shift  either  right  or  left  depending  on 
clockwise  or  counterclockwise  rotation  of  the  drive  field.  While  shifting  left,  the  current  address  is 
maintained  at  the  read/write  position  and  is  available  for  use.  Figure  3.2.7  illustrates  that,  starting 
with  the  initial  order  A,  B,  C,  D  and  E,  the  bit  order  changes  as  the  addresses  D,  B,  and  E  are 
consecutively  requested. 
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SHIFT  LEFT 


1.  Requested  bit  =  D 
Shift  right  3 

C  B  A  E  D 

Shift  left  3 

E  C  B  A  D 

2.  Requested  bit  =  B 
Shift  right  2 

A  D  E  C  B 

Shift  left  2 

E  C  A  D  B 

Fig.  3.2.7  An  illustration  of  the  dynamic  ordering  process.  The  initial  order,  is  ABCDE. 

After  the  requests  for  D  and  B,  the  order  becomes  BDACE  (after  Chang  [72C] ,  Fig.  4). 

Bonyhard  and  Nelson  [73BN]  have  presented  a  model  which  relate  the  dynamically-ordered 
shift-register  memory  to  stack  processing,  a  technique  used  in  the  evaluation  of  memory  hierar¬ 
chies.  The  technique  also  enables  the  optimization  of  memory  design  based  on  the  traces  of 
selected  typical  programs.  For  a  2-Mb  bubble  memory  with  128  detectors,  in  executing  the  type 
of  programs  for  which  trace  data  are  available,  an  average  of  only  8.8  shifts  per  access  and  an 
average  of  12.1  shifts  per  memory  cycle  are  required.  If  bubbles  are  propagated  at  a  data  rate  of  1 
MHz,  the  average  access  and  cycle  times  for  this  memory  become  8.8  /as  and  12.1  /as,  respectively, 
which  are  highly  competitive  with  large-capacity  main  memories  of  cores  and  semiconductors. 
This  memory,  when  operated  in  conjunction  with  a  faster  buffer  (say  64  Kb,  0.5  /as  access  time,  1 
/as  cycle  time),  will  further  reduce  the  average  number  of  shifts  per  access  to  1.05,  and  the  average 
number  of  shifts  per  cycle  to  1.9. 


Beausoleil  et  al.  [72BBP]  have  also  considered  a  double  ordering  scheme  and  a  two-dimensional 
ordering  scheme  for  additional  performance  improvement. 


3.2.4  Coincident  Selection  of  Data  Block 

In  the  major/minor  loop  memory  organization,  the  read,  clear,  and  write  operations  are  always 
preceded  by  the  transfer  operation.  One  may  say  that  the  coincidence  of  the  transfer  operation 
and  the  various  other  operations  enables  the  memory  to  function. 

To  achieve  coincident  selection  of  one  out  of  many  data  blocks,  each  block  can  be  arranged  in  the 
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major/ minor  loop  configuration,  and  the  blocks  are  arranged  in  rows  and  columns.  Each  row  of 
memory  blocks  are  linked  by  a  single  common  transfer  line,  and  each  column  by  single  common 
read,  clear,  and  write  lines.  Only  the  data  block  at  the  intersection  of  an  activated  transfer  line  and 
activated  read,  clear,  and  write  lines  is  accessed  for  read,  clear,  and  write  (Fig.  3.2.8).  All  the 
other  data  blocks  are  not  affected.  The  coincident  selection  scheme  was  first  proposed  by  Bobeck 
and  Scovil  (U.S.  Patent  3,703,712). 

TRANSFER 

READ 
ERASE 
WRITE 


Fig.  3.2.8  Interconnected  memory  arrays  for  coincident  selection  (see  Figure  3.2.1  for  a 
component  array)  (after  Chang,.  [72C] ,  Fig.  2). 

There  are  several  advantages  to  the  coincident  selection  scheme.  By  dividing  a  large  storage 
capacity  into  small  data  blocks,  the  short  registers  in  the  small  blocks  are  less  vulnerable  to  defects. 
The  access  and  latency  times  for  a  small  major/ minor  loop  array  are  shorter  than  those  for  a  large 
one.  The  above  advantages  are  achieved  with  only  modest  addition  of  circuits  and  interconnec¬ 
tions.  Moreover,  a  block  can  serve  as  a  basic  modular  design  unit  for  a  wide  range  of  storage 
capacities. 

3.3  Storage  Heirarchy 

In  1971,  Anacker  [71  A]  described  the  possible  applications  of  magnetic  bubbles  in  computer 
systems.  Based  on  the  performance  parameters  and  cost  estimations  available  then,  he  suggested 
the  following  applications  (see  Fig.  3.3.1): 

Microprogram  file  store  to  support  control  memory 
System  residence  store  to  replace  drum 

Buffer  between  mechanical  storages  to  accomodate  speed  variation 
High-speed,  low-capacity  stores  to  replace  fixed-head  file's 
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RAM  I6K  BYTES 

8  K  BYTES  50  ns 
50  TO 


500  n  s 


MICRO 

PROGRAM  I  128  K  BYTES  P 
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READER 
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CTD  CHARGE  TRANSFER  DEVICE! 

RAM  RANDOM  ACCESS  /MEMORIES 

ROM  READ  ONLY 
RMM  READ  MOSTLY 
CPU  CENTRAL  PROCESSING  UNIT 


Fig.  3.3.1  Memory  and  storage  subsystems  of  a  typical  computer,  with  identification 
where  memory  modules  of  magnetic  domain  devices  (MDD)  and/or  charge  transfer 
devices  (CTD)  may  fit  in  (after  Ancker  [71  A] ,  Fig.  5).  Note  that  the  speed  capability 
through  dynamic  ordering  and  low-cost  capability  through  very  high  density  are  devel¬ 
opments  after  Anacker’s  initial  assessment. 


Note  that  two  important  applications,  main  memories  and  direct-access  large  files,  were  excluded 
from  his  list.  Bubble  systems  were  considered  to  be  too  slow  for  main  memories  and  too  expensive 
for  large  files.  However,  as  we  have  discussed  in  Sec.  3.2.3,  dynamically-ordered  shift  registers  do 
offer  fast  access  and  cycle  times,  thus  qualifying  for  main  memory  applications.  As  we  shall  also 
see  in  Chapter  6,  by  using  submicron-diameter  bubble  materials,  improved  device  structures,  and 
electron-beam  lithography,  device  densities  on  the  order  of  109  bits/in2  have  been  predicted,  thus 
promising  low-cost  large  files  as  well. 

The  possible  uses  of  bubbles  in  U.S.  government  data  storage  applications  have  been  surveyed  by 
Mavity  [72M],  They  include: 


Drum  replacement  TV  refresh 

Digital  recording 

Satellite  tape  recorder 

Satellite-radar  data 

Ground-base  data  storage 
(0.15  ms  access  time) 

Bulk  memory 

(1.0  ms  access  time) 


Capacity 

(bits) 

Data  rate 
(bits/sec) 

7x  106 

9  x  105 

108 

108 

4  x  107 

104 

107 

105 

2  x  107 

107 

109 

107 
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In  addition,  bubble  domains  may  find  a  very  interesting  and  significant  application  in  a  memory 
hierarchy.  Inherent  in  data  processing  tasks,  there  are  frequent  clustering  and  re-referencing  of 
requests.  Therefore,  information  may  be  stored  at  different  levels.  For  example,  the  simplest 
two-level  hierarchy  consists  of  a  small  but  fast  memory  located  adjacent  to  the  Central  Processing 
Unit  (CPU)  to  keep  CPU  working  all  the  time,  and  a  slow  but  inexpensive  memory  to  store  large 
quantities  of  information  at  low  cost,  which  is  made  available  in  blocks  to  the  small  and  fast 
memory.  The  two  levels  of  memories  then  appear  to  the  CPU  as  a  fast  and  large  memory  (of 
course  at  low  cost).  Most  existing  storage  hierarchies  consist  of  more  than  two  levels.  They 
include  fast  semiconductors  for  registers,  buffers  and  main  memories;  drums  and  disks  for  large 
on-line  storage;  and  tapes  and  photo-digital  files  for  off-line  large-capacity  storage.  Since  bubbles 
offer  a  wide  range  of  access  times  and  storage  densities  (hence  costs),  it  is  conceivable  to  use 
bubbles  to  implement  the  major  portions  of  a  storage  hierarchy. 

The  subject  of  storage  hierarchies  is  a  vast  one,  and  cannot  be  adequately  discussed  here.  Howev¬ 
er,  a  synopses  of  some  recent  tutorial  papers  are  given  below  to  provide  a  general  perspective  for 
the  storage  applications  of  bubbles. 

Pugh  [71P]*surveyed  the  development  and  use  of  storage  hierarchies  in  information  processing 
systems  from  1952  to  1972,  and  noted  four  general  trends: 

(1)  There  is  an  increasing  diversity  of  storage  devices  offering  a  range  of  cost  and 
performance  as  well  as  a  variety  of  unique  characteristics. 

(2)  On-line  storage  capacity  is  growing  even  more  rapidly  than  the  103  times  increase  in 
computer  power  of  the  CPU. 

(3)  The  storage  facilities  are  more  and  more  managed  by  systems  software  and  hardware. 

(4)  The  cost/performance  gaps  between  main  memory  and  electro-mechanical  storage, 
and  between  on-line  and  off-line  storages  are  widening. 

These  two  gaps  represent  significant  opportunities  for  innovation  in  hardware  and  systems. 
Indeed,  we  may  venture  to  suggest  that  the  bubble  technology  can  provide  a  continual  gradation  of 
*This  reference  appears  at  the  end  of  this  Chapter. 
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performance  (access  times,  etc.)  at  low  cost,  thus  eliminating  the  file-gap  problem. 

Proposed  memory  hierarchy  technologies  and  configurations  are  usually  evaluated  by  repeated 
running  of  "typical"  jobs  through  simulated  hierarchies  while  various  parameters  are  adjusted. 
The  process  is  extremely  time  consuming  and  expensive.  Mattson  [71M]  has  proposed  a  new 
stack-processing  evaluation  technique  which  can  obtain  hit-ratio  data  1000  times  faster  than  the 
old  simulation  technique.  He  described  the  evaluation  process  in  terms  of  address  traces,  hit 
ratios,  and  system  cost  performance.  Examples  are  given  to  illustrate  how  to  select  between  two 
competing  technologies,  how  to  design  the  best  hierarchy,  and  how  to  determine  the  information 
flow  which  optimizes  the  total  cost  performance  of  the  system.  Also  see  Mattson  and  Traiger 
[71TM].* 

Anacker  [71  A]  has  given  a  simplified  but  to-the-point  analysis  of  storage  hierarchies  employing 
bubbles  which  are  quoted  below.  The  effectiveness  of  a  memory  hierarchy  can  be  measured  in 
terms  of  the  fraction  of  requests  fulfilled  by  the  first-level  fast  small  memory.  This  fraction  is 
called  the  hit  ratio.  Extensive  measurements  of  hit  ratios  have  been  made  by  monitoring  the  actual 
program  runs,  recording  traces  of  issued  addresses  and  analyzing  them  by  programmed  simulation 
of  memory  hierarchies.  The  results  indicate  that  in  general  the  hit  ratio  is  strongly  dependent  on 
the  capacity  of  the  small  fast  memory;  to  a  less  degree  on  the  size  of  transfer  blocks,  and  on  the 
variations  from  one  program  to  another;  and  only  weakly  on  the  replacement  algorithms  (least 
recently  used  block;  first  block  in,  first  block  out;  or  random  selection). 

The  two-level  hierarchy  can  be  readily  extended  to  three  or  more  levels.  A  concrete  example  is 
used  to  illustrate  the  advantages.  Assume  that  the  characteristics  of  three  technologies  are: 

Ferrite  cores,  100/bit  price,  1  microsecond  access  time; 

Bubbles,  0.1 0/bit  price,  150-microsecond  access  time; 

Disks,  0.0050/bit  price,  40-millisecond  access  time. 

For  a  two-level  system  with  a  106  bit  core  memory  and  a  108  bit  disk  file,  at  a  0.95  hit  ratio,  the 

*This  reference  appears  at  the  end  of  this  Chapter. 
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hierarchy  has: 

Total  capacity  =  108  bits; 

Accesses/second  =  l/(0.05  x  40,000)  10  6 

=  500  accesses/second 

and 

Price  =  106  x  10  1  +  108x5.105  =  $1.05  x  105 

For  a  three-level  system  with  a  105  bit  core  memory,  107  bit  bubble  store  and  a  108  bit  disk  file,  at 
a  0.5  hit  ratio  for  the  core  memory,  and  a  0.99  hit  ratio  for  the  bubble  store,  the  hierarchy  has: 

Total  Capacity  =  108  bits 

Accesses/second  =  l/(0.5  x  150  +  0.01  x  40,000)  10  6  =  2,000  access/sec 

and 

Price  =  105  x  10  1  +  107  x  103  +  108x5.10  5  =  $2.5  x  104 

The  three-level  hierarchy  achieved  a  factor  of  4  performance  improvement  and  a  factor  of  4  cost 
reduction  over  the  two-level  hierarchy.  The  example  illustrates  that  the  technique  for  improving  a 
memory  hierarchy  is  to  shift  high  hit  ratio  to  memory  levels  which  are  dissimilar  in  speed  (i.e., 
between  bubbles  and  disks)  even  at  the  cost  of  decreasing  the  hit  ratio  between  stores  of  similar 
speeds  (i.e.,  between  cores  and  bubbles). 

3.4  Varieties  of  Memories — RO,  CAM,  RAM,  Coincident  Domain 

The  propagation  of  magnetic  bubbles  naturally  lends  itself  to  shift  register  operation.  The  memory 
organizations  in  use  today  or  with  significant  future  potential  are  all  used  in  shift-register  operation 
which  are  greatly  improved  by  the  switching  capability  of  bubble  devices  (Sec.  3.2).  The  applica¬ 
tions  envisioned  are  mostly  for  replacing  current  serial-access  type  of  memories  (Sec.  3.3).  It  is 
the  purpose  of  this  section  to  examine  the  suitability  of  bubble  devices  for  other  types  of  memo¬ 
ries.  Four  examples  are  chosen:  RO,  CAM,  RAM,  and  coincident  domain. 

The  read-only  (RO)  memory  is  a  degenerate  form  of  read-write  memory.  Its  deficiency  is 
tolerated  only  when  there  is  sufficient  gain  in  cost  saving.  In  the  semiconductor  technology,  the 
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complicated  processing  steps  can  indeed  benefit  from  some  simplification  to  save  cost,  hence  the 
proliferation  of  all  types  of  memories  .  As  we  shall  see  in  Sec.  3.4.1,  the  read-only  bubble  memory 
does  not  offer  any  fabrication  simplicity  while  add  extra  steps  in  operation  as  compared  to  the 
read-write  bubble  memory.  It  is  not  likely  to  find  use  as  a  RO  memory,  although  its  principle  of 
operation  may  find  use  elsewhere. 

The  content-addressable  memory  (CAM)  was  first  proposed  in  1955,  when  the  promise  of  a 
low-power  large-capacity  cryogenic  storage  was  recognized.  The  CAM  device  feasibility  has  also 
been  demonstrated  in  other  technologies  (ferrite  cores,  permalloy  films,  semiconductors,  etc.). 
Unfortunately,  the  cryogenic  memory  has  not  materialized,  and  the  other  technologies  do  not  offer 
the  low  power  and  large  capacity.  In  the  meantime,  the  storage  products  (disks  and  tapes)  are 
growing  larger  in  capacity,  and  require  even  more  than  before  the  data  management  capability 
such  as  offered  by  content  addressing.  In  the  magnetic  bubble  technology,  the  desirable  attributes 
for  content-addressable  memory  are  clearly  exhibited;  namely,  large  capacity  chip,  low  power 
dissipation,  logic  capability,  multiple  states,  non-destructive  read,  etc.  The  examples  Which  will  be 
described  in  Sec.  3.4.2  are  only  initial  concepts.  The  author  believes  that  it  is  a  feasible  and 
fruitful  field  for  further  research. 


The  random-access  memory  (RAM)  is  expected  to  offer  higher  speed  than  the  serial  access 
memory.  As  we  shall  see  in  Sec.  3.4.2,  with  bubble  devices  the  storage,  write,  and  read  functions 
can  be  readily  implemented,  but  sense  and  access  pose  problems.  Since  direct  sensing  is  not 
amenable  to  miniaturization,  bubble  elongation  is  suggested  for  amplification.  Although  an 
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Fig.  3.4.1  A  read-only  bubble  memory.  The  C-shaped  bubble  traps  define  the  read-only 
information  pattern.  A  sequence  of  clear/continuous-generation-and-propagation/trap/ 
propagation/read  enables  the  read-only  operation,  (after  Perneski,  U.S.  Patent 
3,753,765,  Fig.  1). 
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arrangement  is  evolved  to  accomodate  this  scheme,  it  will  suffer  time  delay.  As  to  access,  the 
problem  rests  with  the  number  of  inter-connections  and  peripheral  circuits.  A  block  selection 
scheme  is  proposed  to  alleviate  the  problem.  The  example  indicates  rather  clearly  that  when  we 
depart  from  bubble-propagation  shift  registers,  things  are  getting  complicated. 

The  coincident  domain  memory  certainly  is  unique  for  the  magnetic  bubble  technology.  It  offers 
the  ingredients  of  domain  propagation  for  access,  and  magnetic  threshold  for  coincident  selection. 
Perhaps  applications  more  interesting  than  that  described  in  Sec.  3.4.4  will  evolve  in  the  future. 

3.4.1  Read-Only  Memory 

A  read-only  bubble  memory  has  been  proposed  by  Perneski  (U.S.  Patent  3,573,765).  See  Fig. 
3.4.1.  It  differs  from  the  usual  T-bar  shift  registers  in  the  permalloy  traps  and  in  the  manner  of 
operation.  C-shaped  permalloy  traps  for  bubbles  are  placed  adjacent  to  the  T-bar  propagation 
channel  to  define  the  read-only  information  pattern.  Instead  of  the  controlled- 
generation/ propagation/ read  sequence  in  the  usual  memory,  the  read-only  memory  executes  the 
sequence  of  clear/ continuous-generation-and-propagation/trap/propagation/read.  After  clearing 
all  domains  in  the  propagation  channel  and  the  C-traps,  bubbles  are  continuously  generated  and 
propagated  to  fill  all  bit  positions  along  the  propagation  channel.  After  time  phase  H4,  when  the 
bubbles  are  at  the  bottom  ends  of  the  permalloy  bars,  the  normal  time  phase  HI  is  skipped,  and 
during  the  ensuing  H2,  H3,  and  H4  phases,  bars  attached  to  a  C  will  deliver  their  bubbles  to  the 
traps  while  others  will  provide  excursion  for  the  bubbles  but  return  them  to  the  bottom  ends  of  the 
bars.  After  the  trap  operation,  the  bubble  pattern  complements  the  C-pattern,  and  is  the  defined 
read-only  information  pattern.  The  bubbles  in  the  pattern  are  then  propagated  to  be  read  out  in 
the  usual  manner. 

The  permalloy  overlay  is  removable,  hence  the  same  storage  medium  can  be  used  for  a  different 
RO  pattern  when  a  new  overlay  is  appliqued.  Digitalized  audio  recording  which  only  needs  a  data 
rate  of  240,000  bits/ sec  is  proposed  as  a  possible  application  for  this  RO  memory. 


3.4.2  Content-Addressable  Memories 


Content-addressable  memories  are  distinguished  from  other  memories  in  that  the  former  is 
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accessed  by  content  while  the  latter  is  accessed  by  physical  location.  They  find  applications  in  the 
field  of  file  maintenance,  pattern  recognition,  and  information  retrieval  system. 

Bobeck  et  al.  have  proposed  an  associative  memory  in  U.  S.  Patent  3,541,522  (11/70).  The 
bubble  memory  structure  described  in  this  early  patent  is  essentially  a  stationary  random-access 
structure  rather  than  a  circulating  serial-access  structure.  The  search  operation  is  performed  at 
each  bit  position  of  each  match  tag  by  matching  input  tag  (search  word)  with  each  match  tag  of 
memory  words.  Several  steps  are  needed  in  the  operation:  replicate,  move  to  logic  area,  invert, 
type  A  to  Type  B  rotation,  MINOR  AND,  etc.  Assume  T  as  the  unit  time  for  bubble  movement. 
The  above  steps  consume  respectively  3T,  6T*(no.  of  match  tag  bits  ),  3T,  8T,  6T,  etc.,  and  the 
time  for  processing  the  comparison  result  is  7T  •  (no.  of  input  tag  bits  -  1).  Moreover,  the  basic 
operational  unit  is  composed  of  54  blocks;  i.e.  54  possible  bubble  positions  are  given  to  each  bit. 
Needless  to  say,  this  early  patent  is  wasteful  both  in  time  and  space,  although  it  has  served  its 
evolutionary  purpose  of  demonstrating  the  associative  memory  capability  of  bubbles. 

After  having  analyzed  U.  S.  Patent  3,541,522  and  recognized  its  shortcoming,  Murakami  (U.S. 
Patent  3,760,390,  9/73)  proposes  a  bit-serial  word-parallel  search  in  a  circulating  serial-access 
bubble  memory  (i.e.  shift  registers),  rather  than  the  bit-parallel  word-parallel  search  in  the  earlier 
random-access  memory.  At  the  heart  of  the  memory  is  a  search  element  which  has  a  neutral 
position  and  two  idler  positions  (see  Fig.  3.4. 1 ).  As  long  as  the  bit  from  the  search  tag  and  the  bit 
from  the  memory  word  tag  match,  an  identifying  bit  will  remain  at  the  neutral  position.  However, 
with  non-coincidence  of  the  search  and  memory  tag  bits  (i.e.  a  mismatch),  for  one  or  more  bits  in 
the  tags,  the  identifying  bit  will  be  moved  to  one  of  the  two  idler  positions.  The  associative 
memory  consists  of  N  memory  words  to  be  searched,  N  identical  search  words,  and  N  search 
elements  with  N  identifying  bits,  all  arranged  in  an  array  for  serial-bit  parallel-word  search  (see 
Fig.  3.4.1). 

After  a  search  operation,  if  there  are  many  memory  words  with  tag  fields  matching  a  search  word, 
it  is  necessary  to  read  out  the  matched  words,  one  by  one,  according  to  certain  criterion.  Muraka¬ 
mi,  in  his  U.  S.  Patent  3,803,564  (4/74)  entitled  "Multimatch  Processing  System  with  Cylindrical 
Magnetic  Domains",  describes  a  method  of  determining  the  memory  word  location  with  a  match 
and  then  generate  signals  sequentially  for  the  matched  memory  words  to  be  read  out.  His  device 
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consists  of  four  components:  a  compressor  (a  string  of  idlers),  a  first  word  storage,  a  second  word 
storage,  and  a  string  of  Exclusive-or  gates.  All  four  components  have  as  many  bit  positions  as  the 
number  of  identifying  bits.  The  procedure  to  identify  the  matched  memory  words  are  as  follows: 

The  identifying  word  (i.e.  the  collection  of  identifying  bits)  is  placed  in  the  corresponding  bit 
positions  of  the  compressor.  After  n  steps  of  compression,  the  nth  compressed  identified  word  is 
generated.  Before  each  step  of  compression,  the  word  storages  are  cleared.  The  (n-l)th  com¬ 
pressed  word  is  duplicated  from  the  compressor  and  stored  in  the  first  word  storage.  After 
compression,  the  nth  compressed  word  is  duplicated  and  sotred  in  the  second  word  storage.  Then 
the  corresponding  bits  in  the  first  and  second  word  storages  are  compared  by  the  EXCLUSIVE- 
OR  gates.  As  we  can  see,  only  when  a  void  (to  represent  a  match)  is  filled  by  a  bubble  after 
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Fig.  3.4.1  Bubble  associative  memory.  A  basic  search  element  contains  a  neutral  position 
(151)  and  two  idler  positions  (152  and  153).  As  long  as  the  bits  respectively  from  the 
memory  word  (on  the  left)  and  the  search  tag  (on  the  right)  match,  an  identifying  bit 
will  remain  at  the  neutral  position.  Otherwise,  the  identifying  bit  will  be  repelled  to  one 
of  the  idlers.  (After  Murakami,  U.S.  Patent  3,760,390,  Fig.  4). 
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compression,  will  the  EXCLUSIVE-OR  element  yield  a  signal  to  enable  the  read  out  of  the 
matched  word.  Note  that  in  the  matching  operation  (Fig.  3.4.2)  the  identifying  bit  uses  a  bubble 
to  represent  match  while  in  the  read-out  operation  the  identifying  bit  uses  a  void  in  the  compressor 
to  represent  match. 


Fig.  3.4.2  Multiple  match  processing  in  a  bubble  associative  memory.  The  left  column  is 
a  compressor,  with  double  circles  representing  stages  capable  of  bubble  replication  (thus 
NDRO).  The  second  column  (191,  192,  193)  is  the  first  word  storage,  and  the  fourth 
column  (181,  182,  183)  is  the  second  word  storage.  The  third  column  is  the 
EXCLUSIVE-OR  element.  (After  Murakami,  U.S.  Patent  3,803,564,  Fig.  3). 


Another  content-addressable  memory  has  been  described  by  Lin  and  Yao  ([71LY],  IBM  TDB), 

which  is  based  on  an  array  of  three-state  cells  (ONE,  ZERO,  and  DON’T  CARE;  i.e.,  1, 0,  X)  to 

perform  basic  logic  functions.  The  use  of  these  cells  reduces  the  number  of  memory  locations 

required  for  logic  functions.  The  basic  operation  of  the  memory  consists  of  two  phases:  SEARCH 

and  READ/WRITE.  During  the  SEARCH  phase,  the  truth  table  for  a  cell  is  shown  in  Fig. 

3.4.3(a).  The  bubble  device  is  depicted  in  Fig.  3.4.3(b),  and  the  timing  diagram  in  Fig.  3.4.3(c). 
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Fig.  3.4.3  A  content  addressable  memory  (a)  The  truth  table,  (b)  Device  configuration, 
(c)  Timing  diagram,  (after  Lin  and  Yao  [71LY] ,  IBM  TDB,  Fig.  1-3). 


The  word  and  bit  lines  form  five  current  loops  (X1A,  X,B,  X1C,  Y1A,  Y1B)  at  each  cell.  The  three 
states  1,  0,  X  are  defined  by  bubble  presence  at  X1A,  X1B  and  X1C  respectively.  Each  cell  is 
initially  loaded  with  one  bubble  (for  example,  by  nucleation).  The  CLEAR,  WRITE,  SEARCH, 
and  READ  operations  are  defined  in  the  timing  diagram  (Fig.  3.4.3c).  During  the  SEARCH  of  1, 
the  O  sites  are  interrogated.  If  all  the  bit  lines,  interrogated  simultaneously,  do  not  yield  a  signal  in 


106 


CHAPTER  III.  APPLICATIONS 


the  word  line,  that  particular  word  line  is  matched,  and  will  be  read  out  the  next  cycle.  To  read  out 
a  matched  word,  the  word  line  is  activated  and  the  bit  signals  are  sensed  at  the  outputs  of  all  the 
bit  lines  simultaneously.  Note  that  both  for  SEARCH  and  READ,  the  bubbles  are  only  perturbed 
in  size,  but  not  destroyed.  , 
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‘  Fig.  3.4.4  A  two-sheet  megneto-optically-read  content-addressable  memory,  (a)  The  over¬ 
all  system,  (b)  A  cross  sectional  view  of  the  interrogative  plate  1  and  storage  plate  2. 
(c)  Word  and  bit  lines  for  writing  data  into  plate  2.  (after  Ahn  and  Lin  [72AL] ,  IBM 
TDB). 


A  bubble-domain  content-addressable  memory,  which  employs  two  magnetic  storage  sheets,  has 
been  described  by  Ahn  and  Lin  ([72AL],  IBM  TDB).  The  two  sheets  (Fig.  3.4.4a)  provide  storage 
and  interrogation  respectively.  Writing  is  performed  by  currents,  and  reading  can  be  performed  by 
magneto-optical  means.  Two  sets  of  orthogonal  lines  (3.4.4b)  are  used  to  write  in  by  coincident 
currents.  In  order  to  search,  the  desired  content  is  written  into  the  interrogate  sheet.  Note  that 
the  same  information  bit  (say  "1")  is  represented  by  upward  magnetization  in  the  interrogate 
sheet,  and  downward  magnetization  in  the  storage  sheet.  Thus  by  the  Faraday  magneto-optic 
effect,  a  mismatch  will  yield  a  large  signal  while  match  a  small  signal  (Fig.  3.4.4c). 


3.4.3  The  Possibility  of  Random- Access  Memory 


A  pair  of  orthogonal  wires  carrying  currents  define  four  possible  bit  positions  for  a  bubble.  This 
together  with  the  wall-motion  threshold  naturally  suggest  a  random-access  memory  after  the 
fashion  of  a  ferrite  core  memory.  The  binary  states  represented  by  the  two  directions  of  magnetic 
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flux  lines  in  cores  are  now  replaced  by  two  of  the  four  possible  positions  of  a  bubble.  However, 
such  direct  emulation  fails  to  meet  the  fundamental  requirements  that  the  peripheral  circuits  and 
interconnections  must  be  minimized  in  miniaturized  integrated  devices.  Moreover,  it  is  also 
desirable  to  utilize  the  intrinsic  capability  of  bubbles  to  achieve  NDRO  and  on-chip  signal 
amplification. 

A  novel  random-access  cell  (Doo  and  Chang,  [72DC],  IBM  TDB)  is  described  in  Figure  3.4.5, 
which  consists  of  one  x-line  and  four  y-lines.  The  entire  film  is  demagnetized  and  filled  with 
bubbles.  As  the  bias  field  is  increased  to  remove  bubbles,  one  bubble  per  cell  is  attracted  to 
position  R  (reset)  between  the  permalloy  dots.  ONE  is  written  by  shifting  the  bubble  from 
position  R  to  position  ONE,  by  simultaneous  -x  and  + 1  pulses.  ZERO  is  written  by  shifting  the 
bubble  from  position  ONE  to  position  ZERO  by  simultaneous  +x  and  +0  pulses. 


A  RANDOM -ACCESS  MEMORY  CELL 
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Fig. 3.4.5  A  random-access  memory  cell,  (a) Cell  configuration.  (b)ZERO,  (c)ONE; 
(d)  prime,  (e)  split,  (f)  read,  and  (g)  clear,  (d)  through  (f)  NDRO;  after  splitting,  expan¬ 
sion  for  read  and  collapse  for  clear. 


To  read,  simultaneous  +x  and  -1  pulses  are  used  to  move  a  ONE  bubble  to  the  R  position.  The 
bubble  is  then  split  into  two  by  simultaneous  -x,  + 1  and  -R  pulses.  One  split  bubble  is  restored  to 
the  ONE  position  (i.e.,  NDRO),  the  other  placed  at  S  (sense)  position.  The  S  bubble  is  then 
expanded  by  pulsing  -R  and  +S  for  inductive  sensing  and  contracted  by  pulsing  +  R  and  -S  to 
annihilation.  Note  that  if  the  cell  selected  for  read  is  in  Zero  state,  no  bubble  shift  nor  splitting  nor 
detection  will  occur. 
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It  also  goes  without  saying  that  in  all  the  above  operations,  only  a  selected  bubble  is  moved  by 
experiencing  full  field  while  all  other  bubbles  experience  no  field  or  half  field  and  therefore  do  not 
move. 

So  far  the  scheme  provides  NDRO  and  on-chip  amplification.  Interconnection  and  circuit 
reduction  may  be  achieved  by  exploiting  a  nonlinear  switching  property  in  materials  such  as 
G-substituted  YIG  (Chang,  [72C],  IBM  TDB).  Refer  to  Figure  3.4.6.  The  curves  show  the 
dependence  of  switching  time  on  the  switching  field  parallel  to  the  bubble  magnetization.  When  a 
planar  bias  field  is  applied,  which  is  normal  to  the  bubble  magnetization,  the  switching  time  is 
greatly  reduced.  Another  way  of  viewing  the  phenomenon  is  that  a  planar  bias  field  reduces  the 
switching  field. 


Fig.  3.4.6  The  saturation  velocity  in  a  (Y2.9Lao-i)  (Fe3.gGa1.2O12)  epitaxial  film  as  a 
function  of  an  in-plane  field  Hu  (after  de  Leeuw,  [73D]  Fig.  1).  The  sensitive  de¬ 
pendence  of  switching  time  on  a  planar  bias  field  provides  the  basis  for  the  block 
selection  of  data. 


A  two-level  selection  scheme  is  depicted  in  Figure  3.4.7.  Blocks  of  information  are  organized  in 
an  array  and  covered  by  intersecting  wide  striplines  (labelled  X  and  Y  bands).  An  X  band  and  a  Y 
band  carrying  currents  lower  the  switching  threshold  of  the  block  at  the  intersection.  Another 
level  of  selection  is  accomplished  by  meandering  x  and  y  line  sets.  Each  set  links  all  the  blocks. 
The  activation  of  one  x  and  one  y  line  uniquely  selects  one  bit  in  the  block  already  selected  by  the 
X  and  Y  bands. 

A  numerical  example  is  given  to  illustrate  the  advantages  of  the  two-level  selection  scheme.  When 
106  bits  are  organized  into  a  103  x  103  bit  random-access  array,  a  total  of  1,000  +  4  x  1,000  = 
5,000  interconnections  are  needed.  When  the  106  bits  are  organized  into  103  blocks  (each 
containing  103  bits)  in  a  two-sevel  selection  array,  only  5x33  =  165  x  and  y  lines  will  be  needed. 
The  X  and  Y  bands  are  wide  lines,  and  need  no  critical  alignment  in  photomasking. 
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Y  BANDS 


Y  LINES 


Fig.  3 .4.7  l  Two-level  selection  bit-organized  random-access  memory,  (a)  Wide  striplines  (X 
and  Y  Bands)  to  select  coincidently  a  block  of  data,  (b)  Meandering  narrow  striplines  (X 
and  Y  lines)  to  select  a  bit.  (after  Chang  [72C] ,  IBM  TDB,  Figs.  1  and  2). 


3.4.4  Coincident-Domain  Memory 

The  coincident-domain  memory  utilizes  a  permalloy  overlay  which  has  a  latching-switch  structure 
at  each  bit  location  of  the  memory  (Perneski,  U.S.  Patent  3,596,261).  See  Fig.  3.4.8.  Each  bit 
consists  of  two  alternative  idler  positions  connected  by  a  domain  "shuttle’'  propagation  path. 
Access  propagation  channels  oriented  in  an  x-y  matrix  intersect  at  the  first  and  second  idler 
positions  at  each  bit  location  .  In  response  to  the  simultaneous  movement  of  a  bubble  along  each 
of  a  pair  of  access  channels,  an  idler  bubble  is  dislodged  from  the  associated  idler  position  and 
moved  to  its  alternate  idler  position.  Bubble  repulsion  action  can  also  be  used  to  deflect 
information-representing  domain  patterns  from  say  an  X-channel  to  a  Y-channel  intersected 
thereby  at  an  idler  position  occupied  by  a  domain.  This  embodiment  provides  a  switching  matrix 
useful  for  telephone  exchange  networks. 
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Fig.  3.4.8  A  coincident-domain  memory.  Only  one  memory  cell  is  shown  in  the  figure. 
The  two  idler  positions  are  indicated  by  the  dotted  circles,  (after  Perneski,  from  U.S. 
Patent  3,596,216,  Fig.  3).  Details  of  operation  are  not  shown  here,  but  are  given  in  a 
series  of  figures  in  the  above  reference. 


3.5  Beam  Addressable  Files 

In  Secs.  3.5  through  3.7,  a  number  of  new  application's  are  described  which  are  based  on  several 
magnetic  effects  in  the  bubble  materials.  The  Kerr  and  Faraday  magneto-optic  effects  are  the 
basis  for  bubble  detection  (e.g.,  reading  in  beam  addressable  memories),  and  visual  display  or 
optical  printing  of  bubble  patterns.  The  Faraday  effect  further  enables  the  modulation  of 
polarized  light  during  transmission  and  thus  permits  the  building  of  integrated-optics  components. 
The  bubble  materials  not  only  affect  light  propagation,  but  also  are  affected  by  light.  Directly,  the 
anisotropy,  magnetization  coercivity,  and  permeability  of  some  bubble  materials  could  be  altered 
by  exposure  to  light.  Indirectly,  light  generates  heat  which  also  changes  the  above  magnetic 
properties,  especially  near  the  Curie  and  compensation  temperatures.  Bubble  propagation  is  the 
basis  for  replication,  annihilation,  etc.,  (in  fact,  for  all  other  bubble  manipulations).  A  field 
gradient,  of  course,  is  used  most  commonly  for  bubble  propagation.  However,  other  forms  of 
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energy  gradients,  which  can  be  induced  by  light  directly  or  indirectly,  can  also  propagate  and, 
therefore,  manipulate  bubbles. 

Garnet  materials  are  suitable  for  beam  addressable  file  (BAF)  applications  based  on  thermomag- 
netic  recording  and  magneto-optical  readout.  The  subject  of  beam  addressable  files  has  been 
reviewed  by  Hunt[69H],  Eschenf elder  [70E],and  Shelton[73S]?  Polycrystalline  materials  such  as 
garnets,  MnBi,  EuO  (liquid  He  temperature),  iron-doped  EuO  (liquid  N2  temperature),  and 
MnGeAl  have  been  studied  for  BAF.  Recently,  thermomagnetic  recording  was  reported  by 
Krumme  et  al.  [72KVHTBE]  in  single-crystal  thin  garnet  layers;  and  by  Chaudhari  et  al.  [73CCG] 
in  amorphous  GdCo  films. 

The  attributes  desirable  for  thermomagnetic  recording  include:  1)  Small  saturation  magnetization 
to  minimize  dependence  of  local  magnetization  reversal  on  the  density  and  distribution  of 
domains;  2)  Curie  temperature  close  to  operating  temperature  to  reduce  laser-beam  power 
required  for  switching;  3)  Anisotropy  sufficiently  large  to  constrain  magnetization  direction  yet 
sufficiently  small  to  facilitate  domain  nucleation  during  write,  and  4)  High  remanent 
magnetization/  saturation  magnetization  (Mr/Ms)  ratio  to  obtain  good  bit  discrimination  and  high 
disturb  threshold. 

Single  crystal  5-ftm  thick  Y3(Gaj  jFe3  9)012  films  grown  on  (111)  Gd3Ga5Ol2  by  LPE  have  been 
used  for  experiments  on  thermomagnetic  recording.  The  material  exhibit  Hc  =  0.1  Oe,  4wMs  =  36 
G  (at  20°C),  TCurie  =  125°C,  Kt/Ms  =  40  Oe  (cubic  magnetocrystalline  anisotropy),  Ku/Ms  = 
100  Oe  (non-cubic  induced  anisotropy).  The  M-H  characteristics,  loop  A  of  Figure  3.5.1,  does 
not  provide  a  stable  domain  pattern.  However,  when  the  film  was  strucured  by  photolithographic 

M  (RELAT.  UNITS) 


Fig.  3.5.1  Quasistatic  hysteresis  loops  of  the  unstructured  (a)  and  structured  (b)  parts  of 
the  LPE  garnet  layer  of  4jum  thickness.  The  structured  part  has  surface  grooves  of  2/im 
width  and  depth,  which  form  squares  of  7jum  side  length,  (after  Krumme  et  al 
[72KVHTBE] ,  Fig.  1). 


*This  reference  appears  at  the  end  of  this  Chapter. 
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and  sputter-etch  techniques  into  a  checkerboard  pattern  of  squares  with  10  /x m  periodicity, 
separated  by  grooves  of  2  /xm  depth  and  width,  the  new  M-H  characteristics  (loop  B  of  Figure 
3.5.1)  show  improvement  of  Hc  from  3  to  20  Oe,  and  Mr/Ms  from  0.1  to  1.0.  Individual  squares 
have  been  switched  magnetically  using  heat  pulses  from  a  laser  beam  of  20  mW  at  5,145  A  at 
fields  as  low  as  13  Oe  for  a  nearly  demagnetized  domain  distribution. 

Lacklison  et  al.  [73LSRP]  have  measured  Faraday  rotations  in  excess  of  50,000  deg/cm,  and 
figures  of  merit  (Faraday  rotation/absorption  coefficient)  in  excess  of  5  deg/dB  in  the  visible 
region  in  single-crystal  Bi-substituted  iron  garnets  (Bi0  71 Y2  29)Fe5012.  The  figures  of  merit  are  the 
highest  value  reported  for  any  practical  magnetic  material  at  room  temperature,  and  it  is  also  worth 
noting  that  a  maximum  occurs  where  the  photo-optic  response  of  the  eye  is  largest.  Taniguchi  et 
al.  [73TST]  have  measured  the  Faraday  rotation  and  figure  of  merit  in  the  visible  and  near-infrared 
range  (wavelength  =  0.5  to  0.8 /x)  in  Bi-  and  Pb-substituted  REIG:  (Y3_xBix)Fe5012  and 
(R2  5Bi0  5)Fe5O12  (R  =  Gd,  Y,  Yb). 

Following  the  report  of  anomalously  large  Faraday  rotation  in  Bi  substituted  polycrystalline 
rare-earth  iron  garnets  (e.g.,  Taniguchi  et  al.  [73TST]),  Ito  et  al.  [73IMST]  have  studied  the  effect 
of  Bi  substitution  on  Faraday  rotation  and  domain  wall  velocity  in  an  ordinary  bubble  garnet, 

Y3(Fe3  8Ga1  2)Oi2.  A  3>  thick  film,  (Y2 7Bi0 3)(Fe3  8Ga1  2)012  was  grown  on  (111)  Gd3Ga5012 
substrate  by  isothermal  liquid  phase  epitaxy.  While  Ga  substitution  for  Fe  (to  reduce  M)  decreas¬ 
es  the  Faraday  rotation  in  YIG,  Bi  substitution  for  RE  increases  the  Faraday  rotation.  No 
remarkable  effect  on  the  domain-wall  velocity  was  observed  by  the  Bi  substitution.  It  appears  that 
the  Bi  substituted  garnet  film  may  offer  attractive  possibilities  for  magneto-optical  bubble  devices. 

Bismuth-thulium-garnets  were  also  reported  to  exhibit  magneto-optic  Faraday  effect  ten  times 
larger  than  ordinary  Y-Eu  and  Sm-Y  garnets  (Akselrad  et  al.  [73ANP].  Also  see  Electronics,  46 , 
no.  22,  pp.  34-36,  Oct.  25,1973.)  After  the  demonstration  of  mobile  bubbles  in  amorphous  GdCo 
films,  Chaudhari  et  al.  [73CCG]  further  showed  that  perpendicular  uniaxial  anisotropy  and 
compensation  points  in  the  vicinity  of  room  temperature  can  be  obtained,  thus  providing  a  material 
for  room-temperature  beam-addressable  file  operation.  The  Faraday  rotation  was  determined  to 
be  1.8  x  105  deg/cm,  and  the  Kundt  constant  about  500  deg/cm.  Over  the  wavelength  examined 
(4500-8200A),  the  linear  absorption  coefficient  was  essentially  independent  of  wavelength  and  of 
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the  order  of  8  x  105  cm1.  Remarkably  good  signal-to-noise  ratio  was  obtained  in  thermomagneti- 
cally  written  spots.  Compensation  point  writing  was  achieved  by  using  a  dye  laser  or  a  low- 
temperature  GaAs  laser  in  conjunction  with  a  bias  field  of  several  hundred  Gauss.  Typically  a 
laser  power  density  of  0.5  nJ/ j u2  at  1  ns  pulse  width  is  adequate  to  write  a  few-micron  spot. 

3.6  Image  Processing  Applications 

Several  devices  related  to  image  processing  applications  have  been  proposed  with  some  experimen¬ 
tal  demonstrations.  Hayashi  and  Chang  [72HC]  have  given  initial  experimental  results  on  a 
clear-view  angelfish  shift  register  (see  Sec.  2.5),  which  can  be  shaped  into  meandering  and 
connected  segments.  By  loading  bubbles  into  various  segments  and  stretching  them,  the  letters 
and  numerals  can  be  formed.  Bubble  display  and  print  systems  are  sketched,  which  allow  the 
storage  of  information  in  compact  codes,  conversion  of  compact  codes  to  characters,  composition 
of  text,  and  display.  This  exercise  seeks  to  direct  attention  to  the  fact  that  the  bubble  technology 
is  capable  of  memory,  logic,  switching,  and  display  all  on  the  same  chip. 

Kita  et  al.  [72KIK]  describe  a  two-dimensional  shift  register  array  for  pattern  processing  applica¬ 
tions.  As  an  example,  they  demonstrate  a  pattern  rotation  operation.  This  operation  corresponds 
to  a  coordinate  transformation.  Bubble  detectors  are  arranged  obliquely  at  the  edge  of  arrays. 
Through  the  obliquely  arranged  detectors  in  the  first  array,  a  figure  is  skewed  in  the  x-direction 
and  fed  into  the  second  array.  Through  the  obliquely  arranged  detectors  in  the  second  array,  the 
figure  is  further  skewed  in  the  y-direction,  thus  completing  the  rotation.  A  third  array  exhibits  the 
rotated  figure. 

Ashkin  and  Dziedzic  [72 AD]  demonstrate  the  manipulation  of  bubble  and  strip  domains  by  the 
thermal  gradient  caused  by  laser  beams  partially  absorbed  in  epitaxial  (Er2Eu1)(Fe4  3Ga0  7)Ot2 
garnet  films.  Functions  of  generation,  annihilation,  capture,  and  movement  have  been  performed 
by  the  laser  beams  without  the  use  of  magnetic  circuits.  Bubbles  can  be  arranged  in  fixed  arrays  or 
propagated  at  high  speeds  (1,000  -  10,000  cm/sec  with  10-8  to  10  9  J  energy  dissipation  per  two 
bubble-diameter  displacement).  A  novel  form  of  reversible  stripe  domain  writing  is  also  demon¬ 
strated. 

DeBot  (U.S.  Patent  3,824,570)  proposes  a  device  for  converting  image  information  into  magnetic 
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information.  A  light  source  is  used  to  project  an  image  of  the  image  information  onto  a  plate  of 
magnetic  domain  material.  As  a  result  of  the  thermal  action  of  the  incident  light,  a  domain  pattern 
is  produced  which  is  an  image  of  the  image  information. 

Geusic  (U.S.  Patent  3,786,452)  reports  that  the  number  of  magnetic  bubbles  generated  thermally 
by  a  pulsed  laser  beam  is  a  function  of  the  diameter  of  the  beam.  The  generation  of  the  bubbles 
depends  on  sufficient  energy  being  delivered  to  raise  the  temperature  of  the  heated  area  above  the 
Curie  point.  The  arrangement  of  the  nucleated  bubbles  is  such  as  to  prevent  adjacent  bubbles 
from  collapsing  each  other.  The  bubbles  tend  to  occupy  positions  about  the  periphery  of  the 
heated  area,  central  positions  being  occupied  only  when  no  further  positions  at  the  periphery  are 
available. 

The  repulsive  force  of  one  bubble  on  its  neighbor  is  AH  =  2Mttto2  h/Lab3  where  M  =  saturation 
magnetization,  rQ  =  bubble  radius,  h  =  film  thickness  =  2  rQ,  and  Lab  =  center  spacing  between 
bubbles.  If  the  collapsing  field  is  H  =  0.05  (5?rMs),  then  it  can  be  shown  that  within  the  beam 
diameter  range  of  rQ  to  4.7  rQ  only  a  single  bubble  can  be  thermally  nucleated. 

Geusic  has  also  derived  range  of  diameters  for  heated  region  to  generate  more  bubbles  arranged  in 
a  ring.  Experimentally,  a  5328A  YAG  laser  beam  (energy  5  x  10-8  to  5  x  10'7  joule,  duration  10-7 
sec)  was  directed  at  (YEu2)(Fe4Al1)012  film  on  Gd3Ga5012  substrate  (6  jum  bubbles,  100-1 15  Oe 
bias  field,  127°C  Curie  temperature).  For  a  heated  area  with  6,  15,  19,  and  23  fim  diameter  at 
0.5,  3,5,  and  7  x  10"7  joule  respectively,  one,  two,  three  and  four  bubbles  were  generated. 

In  materials  which  are  both  uniaxial  and  photomagnetic,  bubble  domains  could  be  generated, 
propagated  and  manipulated  by  means  of  light.  The  photomagnetic  effect  refers  to  the  phenome- 
mon  that  exposure  to  light  will  alter  the  anisotropy,  coercivity  and  permeability.  For  example, 
ferric  borate  (FeB03)  with  or  without  Mg  or  Cu  doping  could  respond  to  light  0.4  to  1.1 /z  in 
wavelength  (Lacklison,  U.S.  Patent  3,739,360). 

3.7  Integrated  Optics  Applications 

Integrated-optics  components  require  high-quality  single-crystal  films  which  can  serve  both  as 

optical  waveguides  and  as  active  media  in  electro-  or  magneto-optical  devices.  Tien  et  al 
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[72TMBWV]  report  optical  waveguide  experiments  using  single-crystal  epitaxial  garnet  films  on 
garnet  substrates.  Light  waves  have  been  successfully  propagated  in  2.4  /xm  thick  Eu3Ga5012  films 
on  Gd3(Sc2Al3)012  substrates,  and  in  2.35  /xm  thick  Y3(Fe43Sc07)O12  films  on  Gd3Ga5012  (111) 
substrates.  The  high  quality  films  have  negligible  scattering  loss  (0.1  db/cm  in  the  wavelength 
range  between  1.2  and  5.0  /mi),  thus  making  excellent  materials  for  optical  waveguides  in  these 
spectral  regions. 

As  expected  in  epitaxial  film  growth,  there  must  be  reasonable  match  of  lattice  constants  between 
the  film  and  the  substrate.  The  garnets  R3B5012  (R  =  Y,  La,  Bi,  trivalent  RE,  or  their  mixtures;  B 
=  Fe,  Ga,  Al,  or  their  mixtures;  Sc  can  also  be  substituted  in  B)  provide  a  range  of  lattice 
constants,  increasing  with  the  radii  of  the  rare-earth  ions  which  decrease  with  the  increase  of 
atomic  number  (from  Pr  to  Lu).  For  optical  guiding  to  take  place,  the  refractive  index  of  the  film 
must  be  larger  than  that  of  the  substrate.  R3Fe5012,  R3Ga5012,  R3(Sc2A13)012  and  R3A15012 
respectively  provide  refractive  indices  2.22  ±  0.02,  1.94  ±  0.02,  1.87  ±  0.02  and  1.82  ±  0.02. 
Moreover,  a  slight  mismatch  in  lattices  and  differential  thermal  expansion  between  the  film  and  the 
substrate  is  used  to  induce  anisotropy  and  consequently  in-plane  or  normal  magnetic  easy  axis. 

Tien  et  al.  [72TMWLB]  also  report  switching  and  modulation  of  light  in  a  garnet-film  magneto¬ 
optic  waveguide.  Light  has  been  modulated  from  a  1.152  /xm  laser  up  to  80  MHz,  and  switched 
between  two  waveguide  modes  by  applying  a  magnetic  field  as  small  as  0.2  Oe.  The  modulators 
and  switches  are  important  building  blocks  for  integrated  optics. 

i 

A  Y3(Ga1 1Sc04Fe3 5)012  film  is  grown  on  a  {1 1  l}Gd3Ga5012  substrate  with  magnetic  easy  axis 
parallel  to  the  film  (Kk  in  plane  <  1  Oe,  Hk  t  =  620  Oe).  Two  prism  film  couplers  are  used  to 
couple  light  into  and  out  of  the  garnet  film,  with  a  small  serpentine  electrical  circuit  in  between. 
The  light  from  a  1.152  /xm  He-Ne  laser  is  coupled  into  the  film  as  the  m  =  0  TM  waveguide  mode. 
As  it  propagates  in  the  film,  it  is  converted  into  the  m  =  1  TE  waveguide  mode  because  of  the 
Faraday  magneto-optic  rotation,  which  is  proportional  to  the  component  of  M  in  the  direction  of 
light  propagation.  Without  the  serpentine  circuit,  power  is  converted  from  TM  to  TE  mode  and 
vice  versa  in  alternate  sections.  The  serpentine  structure,  with  period  equal  to  2tt/A]8  (A/3  =  /3e  - 
PM,  and  exp  (i/3Mx)  being  the  TM  and  TE  waves),  provides  spatially  varied  coupling  to  continuous¬ 
ly  convert  power  from  TM  to  TE  mode  in  all  sections.  The  conversion  efficiency  is  measured  to  be 

52  percent.  By  subjecting  the  film  to  a  dc  field  from  a  magnet,  the  conversion  efficiency  can  be 
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varied  by  a  factor  of  10.  It  is  speculated  that  the  domain  structure  influences  the  conversion  ratio. 


3.8  Data  Manipulation  Applications 

Shift  registers  offer  great  flexibility  for  data  manipulation.  Particularly  with  magnetic  bubble 
devices,  the  data  flow  direction  and  the  data  rate  can  be  varied  conveniently  by  varying  drive-pulse 
sequence  and  rate  (both  in  the  field-access  and  conductor-access  devices);  different  parts  of  an 
array  can  be  caused  to  undergo  different  operations  by  using  different  permalloy  patterns  or  by 
activating  different  conductors;  and  data  streams  can  be  varied  in  content  or  format  by  the  use  of 
switching  devices  (see  Sec.  2.10). 

In  contrast  to  other  shift  registers,  bubble  ‘devices  permit  instantaneous  reversal  of  data  flow, 
frequency  translation  (i.e.,  time  expansion  or  compaction),  and  asynchronous  operation.  The  data 
manipulation  applications  have  already  been  demonstrated  in  major/minor  loops  in  the  form  of 
serial-to-parallel  conversion  of  data  format;  and  in  dynamically-ordered  shift  registers  in  the  form 
of  changing  the  order  of  data.  Counters  and  logic  devices  can  be  used  to  facilitate  the  control 
functions  (e.g.  see  Sec.  3.2.1  A,  control  loop,  row  and  column  marker  loops).  An  all-bubble 
text-editing  system  has  been  reported  by  Lee  and  Chang  [74LC]  and  Lee  et  al.  [74LCCT]. 


3.9  Switching  Applications 

Bubble  devices  as  solid-state  switches  find  potential  applications  in  telephone  networks.  By  and 
large,  these  devices  are  based  on  time  relationship  among  domains  in  shift  registers.  All  bubbles 
on  a  chip  are  propagated  in  synchronous  relationship  with  respect  to  each  other.  By  proper  design 
of  the  permalloy  overlay,  the  bubbles  propagating  along  different  paths  will  arrive  at  selected 
locations  in  a  predetermined  coordinated  relationship.  It  is  also  known  that  bubbles  in  close 
proximity  influence  each  other  by  magnetostatic  force.  Therefore,  the  coordination  of  bubbles  in 
different  paths  can  be  coupled  with  the  magnetostic  interaction  of  bubbles  in  proximity  to  permit 
consecutive  logic  operations  between  bubble  information  streams.  A  number  of  devices  have  been 
proposed  based  on  the  above  general  principle. 
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An  Autonomous  Line  Scanner  (U.S.  Patent  3,646,530  by  Chow) 

The  purpose  of  a  scanner  is  to  detect  which  lines  of  a  group  are  idle  (i.e.,  telephones  on  hooks). 
Refer  to  Figure  3.9.1.  Along  the  soft  magnetic  rail  17,  n  bubbles  are  located  opposite  to  the  n 
telephone  line  loops,  originally  reset  to  the  left  side  of  rail  17.  An  active  line  (telephone  off  hook) 
tends  to  keep  a  bubble  to  the  left  side  of  rail  17.  During  the  scan  operation,  the  scan  current  in 
line  18  tends  to  repel  bubbles  to  the  right  of  rail  17.  The  net  result  is  that  only  opposite  to  each 
idle  line,  the  bubble  moves  to  the  right  of  rail  17,  and,  in  turn,  repels  the  corresponding  bubble  on 
shift  register  13  to  the  right  of  rail  12.  On  entering  the  control  portion  of  shift  register  13,  (i.e., 
the  portion  coupled  to  17),  all  bubbles  are  on  the  left  of  rail  12.  During  the  scan  operation,  the 


Fig.  3.9.1  An  autonomous  line  scanner,  (after  Chow,  U.S.  Patent  3,646,530,  Fig.  1). 

shifting  is  arrested.  After  the  scan,  the  displaced  bubble  pattern  in  shift  register  13  is  propagated 
to  a  detection  circuit. 

Autonomous  Line  Scanner  with  Memory  (U.S.  Patent  3,680,067  by  Chow) 

This  scanner  differs  from  the  previous  one  in  that  permalloy  patterns  are  employed  for  bubble 
propagation,  and  that  it  has  memory  to  enable  the  detection  of  status  change  in  addition  to  current 
status. 

It  is  divided  into  3  sections.  See  Fig.  3.9.2.  The  first  section  registers  the  current  status  of  the  line 
conditions,  the  second  section  the  status  of  the  last  scan.  A  logic  operation  is  performed  between 
consecutive  conditions  for  each  line  as  the  information  is  advanced.  The  logic  operation  identifies 
persistent  off-hook  conditions  and  persistent  on-hook  conditions,  and  the  results  are  fed  into 
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Fig.  3.9.2  An  autonomous  line  scanner  with  memory,  (after  Chow,  U.S.  Patent 
3,680,067,  Fig.  5). 
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section  3.  Section  3  serves  the  function  of  updating  and  storing  persistent  conditions,  and  giving 
output  on  existing  persistent  conditions. 

Digital  Switching  Network  (Bonyhard  et  al  [70BDKS]) 

A  network  switch  performs  the  function  of  transmitting  information  from  a  selected  one  of  a  set 
of  input  lines  (say,  horizontal)  to  a  selected  one  of  a  corresponding  set  of  vertical  output  lines  (say, 
vertical).  If  the  information  is  digital,  it  can  be  represented  by  bubbles.  Figure  3.9.3  shows  a 
network  switch  based  on  T-bar  circuits  and  hard-film  gates.  The  gates  with  vertical  hard-film 
strips  serve  only  to  facilitate  information  crossover.  These  gates  are  open  and  closed  in  every 
second  cycle  under  the  command  of  the  overall  drive  field.  This  gives  crossover  operation 


TTTT*!  IJT^j  T_T  TH 

i  i  i  i  T ~ •  i  i  T~i  i  i  "*~-1 
T  T  T  TVftJ  T-H  llF  tH  {£ 
I  |_Th  |  |_Ti_ 

TTTT*,  ^hJT*!  ]hJTh 

T  T  T  T*,  JhJ  T*  JhJ  T-i  U 
T-I_  t-L  tH_ 
H_  H_  H_ 

— I_  H_  H_ 

H_  H_  H_ 

H  H  H 


Fig.  3.9.3  T-bar  network  switch,  (after  Bonyhard  et  al.  [70BDKS] ,  Fig.  5) 
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provided  that  information  is  placed  on  every  second  T-bar  period  only.  The  gates  with  horizontal 
hard-film  strips  serve  to  transmit  information  from  horizontal  channels  to  vertical  channels.  These 
gates  are  switched  by  current  pulses  in  conducting  strips,  preferably  by  the  coincidence  of 
horizontal  and  vertical  half  select  pulses.  This  switch  is  analogous  to  the  standard  crossbar  switch. 

Bubble  Switching  Matrix  (Smith,  U.S.  Patent  3,753,253) 

A  switching  matrix  is  useful  in  establishing  information  paths  through  itself  for  the  transfer  or 
retrieval  of  information  from  itself.  It  is  also  possible  to  arrange  control  elements  for  a  switching 
matrix  in  a  flow  chart  manner  such  that  specific  results  may  be  obtained  in  accordance  with  the 
information  supplied  to  control  domains. 

A  bubble  switching  matrix  can  be  implemented  by  arranging  control  elements  to  transfer  bubbles 
selectively  from  a  horizontal  path  to  an  intersecting  vertical  path  under  control  of  a  bubble 
positioned  at  the  selelcted  intersection  point  between  the  two  paths.  A  separate  control  grid  is 
utilized  to  position  the  control  bubble  in  proximity  to  the  intersection  point,  upon  coincidence  of 
bubbles  in  the  horizontal  and  vertical  paths  of  the  control  grid. 

Time -Slot  Interchanger  ( Chen  et  al.  [  74CBS,3M]  ) 

A  time-slot  interchanger  (TSI)  can  be  considered  as  a  variable  delay  line,  with  locally  stored 
switching  information  governing  the  number  of  steps  of  delay  for  the  data  in  any  given  time  slot. 

An  example  of  TSI  is  shown  in  Fig.  3.9.4.,  which  handles  4  time  slots  per  time  frame  with  2  bits 
per  time  slot.  An  experimental  model  has  been  built  and  tested  by  Chen  et  al.  [74CBS].  The  input 
time-frame  data  are  nucleated  on  chip  by  a  bubble  generator  G  (Nelson  et  al.,  [73NCG]),  and 
propagated  downwards  in  the  vertical  delay  channel.  The  control  bubbles  in  the  storage  loops 
merge  into  the  delay  channel  via  replicators  R’s  (Bonyhard  et  al.  [74BCB])  and  interact  with  the 
input  data  via  AND/OR  logic  gates  Gl,  G2,  G3,  and  G4  (Bonyhard  et  al.  [73BCS]).  The  input 
data  will  then  move  to  the  right  into  the  chevron  merge  output  channel  after  some  integer  multiple 
of  2  steps  of  delay  according  to  the  control  information.  If  the  8  bits  of  the  input  time-frame  are 
introduced  at  G  on  cycles  1  to  8,  then  at  the  end  of  cycle  16  the  8  bits  of  the  output  time-frame 
will  appear  in  the  4  output  time  slot  positions  marked  4,3,  etc.  with  arrows  in  the  figure. 
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The  remainder  of  the  circuits  is  associated  with  the  introduction  and  elimination  of  the  switching 
information.  If  one  desires  to  establish  a  switching  path  from  input  time  slot  1  <  i  <  4  to  output 
time  slot  1  <  j  <  4,  then  the  control-bubble  generator  must  be  energized  on  the  two  cycles  of  time 
slot  i  in  any  time-frame  whereas  the  transfer  gate  T  must  be  energized  on  time  slot  j  of  the  next 
time  frame.  Four  time-frame  elapse  is  required  to  write  in  the  control  information.  Bubble 
collapsers  C’s  are  provided  to  clear  old  control  information. 


Fig.  3.9.4  Layout  of  a  magnetic  bubble 
time  slot  interchanger  (after  Chen  et  al. 
[74CBS,  3M] ). 


Fig.  3.9.5  Logic  Control  Arrangement,  (after  Caron,  U.S.  Patent  3,763,477,  Fig.  2). 


Logic  Control  Arrangement  (Caron,  U.S.  Patent  3,763,477) 

The  logic  control  arrangement  is  depicted  in  Fig.  3.9.5;  The  propagation  channel 

is  looped  back  upon  itself  such  that  the  interaction  points  are  common  to  at  least  two  different 

segments  of  the  channel.  Each  intersection  point  is  associated  with  an  auxiliary  channel.  When 

two  bubbles  at  two  channel  segments  associated  with  an  intersection  coincide,  a  bubble  in  the 

auxiliary  channel  is  activated  to  travel  to  a  detector.  Accordingly,  the  occurence  of  an  input  signal, 

or  bubble,  in  the  channel  a  precise  time  after  the  occurence  of  a  prior  input  signal,  or  bubble,  can 

be  detected.  A  variation  of  the  above  arrangement  is  to  trap  a  bubble  at  an  intersection  and  cause 

subsequent  bubbles  to  be  backed  up  in  the  channel.  The  coincidence  of  bubbles  at  the  first  and 

second  sections  of  the  channel  will  indicate  a  specified  number  of  blocked  bubbles,  or  prior  events. 

The  first  trapped  bubble  may  be  untrapped  by  the  occurence  of  a  bubble  in  an  adjacent  channel, 

and  diverted  into  an  auxiliary  channel.  Caron  (U.S.  Patent  3,765,004),  has  also  proposed  the 

arrangement  serially  propagated  data  bits  for  the  performance  of  logic  functions  in  a  parallel 
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manner  and  the  reconvergence  of  the  parallel  data  into  serial  data  along  a  single  channel. 

Code  translator  (Kish  and  Smith,  U.S.  Patent  3,8 1 2,480) 

A  bubble  memory  requires  a  variety  of  operations  which  occur  in  a  timed  sequence.  The  timing  is 
important  not  only  for  normal  controls  of  the  operations,  but  also  for  re-establishing  normal 
operation  if  failures  occur.  The  timing  function  can  be  supplied  by  an  on-chip  bubble 
"housekeeping"  loop,  into  which  bubble  code  can  be  written  into  coded  initial  positions.  The 
timing  is  determined  by  the  number  of  rotating  field  cycles  to  advance  the  bubbles  from  the  initial 
position  to  a  preset  control  position  in  the  loop. 

An  important  aspect  of  such  a  housekeeping  loop  is  a  code  translator  operative  to  permit  introduc¬ 
tion  of  bubbles  into  a  sufficient  number  of  different  initial  positions  in  the  loop  to  provide  control 
signals  at  any  one  of  a  number  of  possible  time  slots  with  relatively  few  interconnections. 

Two  "relatively  prime"  loops  have  no  common  factor  other  than  unity  in  their  numbers  of  stages. 
A  bubble  is  introduced  into  each  loop  in  a  coded  position  and  circulated  past  a  reference  position. 
The  simultaneous  arrival  of  the  coded  bubbles  at  the  respective  reference  positions  causes  the 
generation  of  a  timing  control  signal  (e.g.  by  transferring  the  bubbles  consecutively  into  the 
housekeeping  loop).  The  translator  provides  time  slots  equal  in  number  to  the  product  of  the 
number  of  stages  in  the  two  loops.  The  selected  time  slot  is  determined  by  the  number  of  stages 

a 

separating  the  two  reference  positions,  and  the  initial  positions  of  the  coded  bubbles. 


3.10  Logic  Applications 

Minnick  et  al.  [72MBS]  have  stated  the  belief  that  a  sufficient  variety  of  bubble  logic  has  been 
described  so  that  any  digital  system  can  be  efficiently  designed. '  To  illustrate  this  conviction,  the 
sketch  of  an  all-bubble  computer  system  is  given.  The  computer  consists  of  three  essential  parts. 

At  the  center  is  the  unit  for  machine  clock,  decoding,  and  control.  The  unit  controls  32  modules 
(Or  logical  subsystems),  which  are  interconnected  by  a  closed  buss  called  a  daisy  chain.  Sixteen  of 
the  modules  specialize  in  various  arithmetic,  logic,  and  control  functions,  and  the  other  sixteen 
serve  as  logical  interfaces  respectively  with  sixteen  shift-register  memory  units.  The  memory  units 
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are  called  mark-time  lines.  A  line  contains  256  loops  (or  words)  each  of  16  bits.  In  each  line,  the 
bits  can  either  circulate  within  16-bit  loops  or  be  made  to  advance  from  one  loop  into  the  next 
loop  until  the  desired  word  reaches  the  read  and  write  station  of  the  line. 

A  memory  line  module  holds  three  registers  and  a  three-bit  control  which  effects  eight  actions 
(i.e.,  combinations  of  read,  write,  recirculate,  count,  etc.  in  the  registers).  The  special  modules 
serve  various  functions.  Instructions  are  fetched  and  buffered.  Index  registers  index  instructions 
as  they  pass  through  on  the  daisy  chain.  Arithmetic  registers  perform  additions  and  subtractions. 
Shift  registers  are  provided.  Intermediate  results  are  stored  in  bubble  registers.  The  computer 
operates  on  a  conventional  fetch  (from  line  modules)  -  execute  (in  special  modules)  cycle. 

The  design  shows  the  conceptual  feasibility  of  bubble  computer  systems,  and  additionally  the 
structure  of  various  bubble  digital  subsystems.  The  paper  also  reveals  certain  areas  which  need 
improvement.  For  example,  facilities  for  conditional  branching  and  address  modifications  are  not 
mentioned.  Both  functions  are  essential  for  efficient  programming.  It  appears  that  the  addition  of 
a  testing  function  to  the  accumulator  will  allow  conditional  branching.  Address  modification  will 
involve  more  substantial  change  in  the  accessing  mechanism.  Perhaps  words  carrying  their  own 
addresses  will  facilitate  address  modification  in  a  shift-register  type  of  memory. 


3.11  Recording-Head  Applications 

The  stray  magnetic  fields  emanated  by  magnetic  bubbles  can  be  utilized  to  write  in  information  in 
recording  media.  Conversely,  the  stray  magnetic  fields  emanated  by  information  pattern  in 
recording  media  can  be  utilized  to  affect  the  size  or  motion  of  bubble  domains  to  enable  the 
detection  of  information.  Although  no  practical  magnetic  bubble  recording  heads  have  been  built 
for  recording  media  such  as  magnetic  disks  or  tapes,  some  interesting  ideas  have  been  suggested  in 
the  patent  literature.  Particularly  with  the  availability  of  amorphous  bubble  materials,  great 
flexibility  is  gained  for  making  bubble  recording  head  structures. 

As  proposed  by  Enz  and  DeJonge  (U.  S.  Patent  3,793,639)  and  Potgiesser  (U.  S.  Patent 

3,793,640),  bubble  devices  can  be  used  as  write  head  for  magnetic  recording  media. There  are 

several  attributes  of  magnetic  bubbles  which  are  useful  for  recording  heads:  small  bubbles  for 
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narrow  recording  tracks,  mobile  bubbles  to  serve  multiple  tracks,  multiple  bubbles  to  write  into 
multiple  tracks  simultaneously,  scanning  bubble  head  for  helical  recording,  etc. 

A  bubble  domain,  dependent  on  the  materials  parameters  and  the  bias  field,  can  have  a  diameter 
from  above  10  /xm  to  below  1  /xm.  Hence  it  has  the  potential  of  writing  information  tracks 
considerably  smaller  than  that  realizable  by  means  of  conventional  magnetic  heads.  By  moving  a 
bubble  in  the  bubble  head  medium,  it  can  be  made  to  serve  a  number  of  tracks  in  the  recording 
medium  without  moving  the  head  medium,  as  contrast  to  the  head  movement  in  the  moving-head 
disk  files.  Since  a  bubble  medium  can  be  simply  designed  to  support  a  number  of  bubbles  one 
beside  the  other,  they  can  serve  as  an  integrated  head  array. 

For  the  problem  of  magnetic  recording  at  high  frequencies  and/or  high  packing  densities,  a 
solution  is  often  sought  in  writing  successive  signal  elements  on  the  recording  medium  in  a 
direction  which  makes  an  angle  with  the  direction  of  medium  movement  (e.g.  scanning  or  helical 
recording  in  tapes).  This  provides  the  advantage  that  the  actual  tape  speed  can  be  reduced,  but  it 
suffers  from  the  drawback  that  either  a  plurality  of  conventional  magnetic  heads  must  be  used 
involving  the  complex  switching  circuits  required  for  that  purpose,  or  one  single  conventional 
magnetic  head  is  used  which  is  to  be  moved  mechanically  in  a  direction  transverse  to  the  tape 
movement.  The  above  drawbacks  are  avoided  when  a  mechanically-stationary,  but  magnetically- 
moving  bubble  head  is  used  as  a  scanning  magnetic  head. 

A  possible  bubble  head  configuration  is  sketched  in  Fig.  3.11.1.  For  the  device  to  operate,  several 
conditions  must  be  satisfied:  (1)  The  bias  field  needed  for  the  bubble  medium  must  not  erase  the 
information  to  be  written  on  the  recording  medium.  Note  that  instead  of  a  bias  field,  an  exchange- 
coupled  bias  layer  may  be  used  to  remove  this  constraint.  (2)  The  stray  field  from  the  bubble 
must  be  capable  of  magnetizing  the  recording  medium.  (3)  The  bubble  must  be  stable.  Typically, 
for  /  =^/Ak/47rMs  =  0.08  /xm,  Ms,b  =  100G,  R  (radius)  =  1.5  /xm  at  960  Oe  and  R  =  0.55  /xm  at 
1032  Oe.  Hb,  stray  =  360  Oe  at  a  distance  of  1  /xm  from  the  bubble  medium. 

Analogous  information  can  also  be  recorded  by  modulating  bubble  size  during  recording.  The  use 

of  hollow  bubbles  increases  the  sensitivity  of  bubble  size  in  response  to  bias  field  variation.  An 

auxiliary  field  normal  to  the  bias  field,  and  in  the  direction  of  the  tape  width  varies  the  length  of 
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part  of  the  bubble  domain  wall.  Thus  analogous  information  can  be  recorded  by  varying  the 
amplitude  of  the  auxiliary  field. 

Magnetic  bubbles  offer  facilities  for  reading  from  multiple  tracks  of  magnetic  recording  (Chang 
and  Daughton,  IBM  Technical  Disclosure  Bulletin,  vol,  14,  no.  7,  pp.  2121-2,  Dec.  ’71,  and  vol. 
15,  no.  7,  pp.  2217-8,  Dec.  ’72).  For  fixed-head  magnetic  files,  many  detection  heads  are 
required.  When  each  recorded  information  track  interacts  with  a  bubble  stream  for  detection,  the 
various  bubble  streams  can  share  a  conimon  sense  amplifier  by  the  use  of  a  bubble  decoder. 
Alternatively,  when  many  recorded  information  tracks  share  a  series  of  magnetoresistors,  a  bubble 
decoder  can  be  used  to  place  a  bias  bubble  at  a  chosen  magnetoresistor  to  sensitize  it  for  detection 
since  the  magnetoresistive  effect  is  highly  nonlinear  and  sensitive  to  the  operating  bias  field 
(supplied  by  the  bubble). 


Fig.  3.11.1  Magnetic  bubble  write  heads,  (a)  Each  head  consists  of  a  rhombic  permalloy 
pattern  (16)  which  provides  two  bubble  positions  (15)  and  the  opposite  end,  as 
determined  by  a  current  (in  conductor  19).  (b)  The  information  pattern  as  written  by 
the  bubble  head,  (c)  An  assembly  for  helical  writing  by  making  the  bubble  move 
transverse  to  tape  motion.  (After  Enz  and  DeJonge,  U.S.  Patent  3,793,639,  Figs.  6,  7 
and  9). 
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3.12  Bubble-Circuit  Analysis 

The  operation  of  bubble  circuits  depends  on  the  accurate  functioning  of  individual  elements  (e.g., 
generators,  switches,  logic  gates,  storage  paths,  transmission  paths,  loops,  etc.).  When  a  circuit 
becomes  complicated,  it  is  not  easy  to  comprehend  a  multplicity  of  functions  and  determine 
accurately  the  instant  and  duration  of  operations  of  these  critical  elements.  Moreover,  a  bubble 
circuit  is  an  integrated  rather  than  a  bread-board  structure,  and  hence  not  amenable  to  modifica¬ 
tion  after  fabrication.  A  design  tool  for  pre-fabrication  analysis  is  highly  desirable. 

Ahamed  [72 A]  has  attempted  to  develop  such  a  tool.  He  adopted  the  basic  concepts  of  coding 
theorists  in  the  representation  of  data  strings  by  algebraic  polynomials,  and  developed  the 
representation  of  both  time  and  location  of  individual  binary  positions  in  the  same  polynomial. 
Further,  he  advanced  a  set  of  algebraic  operations  on  such  polynomials  to  correspond  to  the 
various  subfunctions  as  performed  by  the  individual  bubble  elements. 

In  a  series  of  papers  by  Ahamed,  a  variety  of  basic  circuit  components  and  their  operations  are 
described  in  terms  of  multi-dimensional  polynomial  algebra.  For  a  single  bubble  stream,  the 
operations  include: 


temporary  freezing 

movement 

crossing  boundary 

looping 

routing 

inverting  binary  content 

and 

opening  and  closing  gaps  in  a  bubble  stream. 

For  functions  which  start  with  one  stream,  and  result  in  two  or  more  streams,  the  operations 
include: 


and 


duplication  of  bubble  streams 


addressing  sections  of  a  stream  into  different  branches  of  a  circuit. 
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In  addition,  two  or  more  streams  may  interact  to  perform  a  logic  function  and  result  in  a  single 
bubble  stream.  The  algebra  has  also  been  applied  to  analyze  T-bar  station-scan  memories, 
lateral-displacement-coding  bubble  line  scanners,  single-error  correction  decoders  for  cyclic 
blocking  codes,  Hamming-code  encoders,  and  rate  changers  (as  encountered  in  data  transmission, 
distribution,  collating,  encoding,  and  decoding). 
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Physics 


4.1  Introduction 

Domain  and  wall  phenomena  are  the  bases  of  bubble  devices.  The  domain  presence  enables 
information  storage,  the  domain  propagation  permits  data  access,  and  the  manipulation  of  moving 
domains  allows  generation,  duplication,  and  annihilation.  The  domain  wall  structures  affect  both 
mobility  (hence  data  rate)  and  stable  field  range  (hence  operating  margin);  and  may  even  be  used 
to  represent  information  states. 

Bubble  domains  can  be  manipulated  by  local  field  gradients  produced  by  current  loops  or  permal¬ 
loy  patterns;  or  by  a  gradient  in  film  thickness,  magnetization  value  or  wall  energy.  The  magneti¬ 
zation  or  wall  energy  gradient  can  be  induced  by  composition  variation,  or  by  varying  local  stress 
or  heat. 

Anisotropy,  mobility,  and  coercivity  are  among  the  pertinent  physical  properties  for  bubble  devices 
since  they  determine  the  existence  of  bubble  and  stripe  domains,  operation  speed,  and  drive  field. 

The  sections  in  this  chapter  deal  with  the  following  topics: 

4.2  A  great  variety  of  domain  structures  are  categorized.  While  the  knowledge  of  bubbles  and 
stripes  in  high-quality  garnets  facilitates  the  understanding  of  current  bubble  devices,  other  domain 
configurations  may  well  be  generative  of  new  devices. 

4.3  A  series  of  papers  by  Thiele  have  clearly  delineated  the  behavior  of  an  isolated  bubble  with  a 
simple  wall.  The  physical  interpretation  of  his  mathematical  results  is  summarized  in  this  section 
along  with  a  graphical  method  of  solution. 

Note:  Underlined  references  are  included  in  the  reprint  sections  of  this  volume. 
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4.4  The  bubble  lattice  is  a  demagnetized  state  observed  by  several  investigators.  Interesting 
phenomena  as  well  as  their  application  to  measure  physical  parameters  are  summarized. 

4.5  The  presence  of  Neel  lines  in  Bloch  walls  alters  the  diameter  vs.  field  characteristics  of 
bubbles.  The  hard-bubble  influence  on  device  operation  and  its  suppression  are  discussed. 

4.6  The  variation  of  wall  structure  from  a  simple  Bloch  wall  also  results  in  significant  changes  in 
wall  mobility.  This  section  reviews  existing  theories  on  mobilities,  critical  velocities,  and  dynamic 
conversions;  as  well  as  experimental  data  for  garnet  films. 

4.7  The  interaction  between  bubbles  and  permalloy  patterns  as  studied  by  various  experimental 
and  analytical  approaches  is  reviewed. 

4.8  Heat  and  stress  cause  magnetization  and  wall  energy  gradients,  which  are  similar  to  field 
gradients  in  their  ability  to  propagate  and  manipulate  bubbles. 

4.9  The  uniaxial  anisotropy  as  induced  during  growth  and/or  by  stress  in  crystallographically 
cubic  garnet  materials  is  both  technologically  important  and  scientifically  interesting. 

4.2  Domain  Structures  in  Bubble  Materials 

Domain  structures  in  bubble  materials  not  only  offer  insight  into  bubble  domain  device  operation, 
but  also  provide  convenient  means  for  measuring  basic  physical  parameters.  Early  literature  on 
this  topic  is  surveyed  by  Cape  and  Lehman  [71  CL]  in  the  Introduction  section  of  their  extensive 
paper  on  magnetic  domain  structures  in  thin  uniaxial  plates  with  easy  axis  perpendicular  to  the 
plate.  Domains  in  magnetic  bubble  materials  can  be  made  visible  by  a  number  of  techniques: 
Bitter  technique,  Faraday  and  Kerr  magneto-optic  effects,  and  Lorentz  microscopy  (see  reviews  by 
Craik  and  Tebble  [65CT],  Dillon  [63D],  and  Grundy  and  Tebble  [68GT]). 


Categories  of  Domain  Structures 


Bubble  materials  (see  Chapter  5)  refer  to  thin  plates  or  films  with  easy  axis  along  the  normal 
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direction.  They  include  uniaxial  bulk  crystals  such  as  ortho-ferrites  and  garnets  (as  cut  under 
special  growth  plane),  hexagonal  BaFe12019  bulk  crystal,  hexagonal  Co  single-crystal  foil, 
epitaxially-grown  garnet  films,  amorphous  GdCo  films,  etc.  The  observed  domain  structures  in 
these  materials  may  be  categorized  as  follows: 

Stripes  (Kooy  and  Enz  [60KE],  Cape  and  Lehman  [71  CL]) 

Multi-fingered  stripes  (Sherwood  et  al.  [59SRW]) 

Bubble  lattices  (Nemchik  [69N],  Grundy  et  al.  [71GTH])  (Sec.  4.4) 

Honeycomb  lattices  (Kaczer  [70K])  (Sec.  4.4) 

Bubbles  (Bobeck  [67B])  (Sec.  4.3) 

Wavy  wall  plus  periodic  bubbles  (Urai  et  al.  [72UYFF] 

Wavy  wall  plus  positive  and  negative  bubbles  [72UYFF]) 

Bubbles  in  a  ring  domain  [72UYFF] 

Concentric  ring  domains  [72UYFF]  and  hollow  bubbles  (de  Jonge  et  al. 
[7 1DDV],[72DDV]) 

Lattices  with  positive  and  negative  bubbles  (Urai  et  al.  [72UYFF],  and  O’Dell  [720]) 

Domains  in  double-layer  films  (Dorleijn  and  Druyvestyn  [72DD]),  and  half  bubbles 
(DeBonte  [73D]). 

4.2.1  Stripes 

Kooy  and  Enz  [60KE]  observed  the  magnetization  process  in  a  thin  platelet  (3  /zm)  of  BaFe12019. 
If  a  strong  field  is  applied  to  saturate  the  platelet  and  then  reduced  to  zero,  a  pattern  of  essentially 
straight  line  domains  is  obtained.  If  the  field  does  not  produce  complete  saturation,  or  when  the 
crystal  is  cooled  down  through  the  Curie  point  in  zero  field,  a  labyrinth  domain  structure  will 
result.  On  the  application  of  a  field,  the  width  dt  of  the  domains  with  their  magnetization  vector 
parallel  to  the  applied  field  increases,  and  the  width  d2  of  the  reversed  domains  decreases.  In  low 
fields  this  occurs  in  such  a  way  that  (d1  +  d2)  remains  approximately  constant.  When  approaching 
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saturation,  however,  the  width  dt  increases  very  rapidly  with  increasing  field,  whereas  the  width  d2 
decreases  only  slightly.  Further  approach  to  saturation  is  not  achieved  by  reducing  the  reversed 
domains  to  zero  width,  but  by  diminishing  their  lengths  to  form  bubbles.  It  is  also  worth  noting 
that  saturation  is  reached  with  an  applied  field  considerably  smaller  than  4ttMs,  at  which  the 
bubbles  suddenly  collapse. 


The  experimentally  observed  average  period  (da  +  d2)  of  domain  patterns  in  a  3  /im  thick 
BaFe12019  as  a  function  of  applied  field  (H)  is  shown  in  Figure  4.2.1.  The  hysteresis  loop  is 
shown  in  Figure  4.2.2.  Kooy  and  Enz  have  also  derived  theoretically  the  values  of  dx  4-  d2,  HkV 
and  Hk. 


0  0.2  0.4  0.6  0.8  1.0 

'  H/4nIs  — ► 


Fig.  4.2.1  Theoretical  domain  width  and  62  as  a  function  of  the  applied  magnetic 
field  for  the  special  case  r  =  100  (after  Kooy  and  Enz  [60KE] ,  Fig.  15).  r  = 
[4IS]  2D/aw,  Is  =  magnetization,  D  =  thickness,  aw  =  wall  energy.  Good  agreement 
between  theory  and  experiments  is  observed  in  a  3  jum  thick  BaFei20i9  platelet 
(aw  =2.8  ergs/cm2,  47tIs  =  4.35G). 


Fig.  4.2.2  Hysteresis  loop  of  a  thin  plate  of  BaFei20i9.  For  increasing  fields,  stripe 
domains  prevail  between  H  =  O  and  H^,  reversed  cylindrical  domains  (bubbles)  for 
Hj|  <  H  <  H£,  and  no  domain  walls  for  H  >  H£.  For  fields  decreasing  from  above  Hk, 
single  domain  behavior  is  maintained  down  to  the  nucleation  fields  HN!,  HJJ,  at  which 
stripe  domains  suddenly  emerge  radially  from  certain  central  nucleation  points.  The 
different  nucleation  fields  are  correlated  with  different  nucleation  points  in  the  plate. 
(After  Kooy  and  Enz  [60KE] ,  Fig.  10.)  4ttIs  =  4,350  Gausses,  =  3,820  Oe,  HN  = 
500  to  2,000  Oe. 

4.2.2  Domain  Patterns  and  Nucleation  in  High-Quality  Garnet  Film 


Cape  and  Lehman  [71  CL]  formulated  the  energy  expressions  which  include  magnetostatic,  applied 
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field,  and  wall  energy  terms  for  a  bubble  lattice  and  a  regular  array  of  parallel  stripes  in  a  thin 
infinite  plate.  They  derived  stable  field  ranges  for  the  two  structures.  Each  of  the  two  structures  is 
found  to  be  characterized  by  a  critical  bias  field  at  which  the  equilibrium  domain  spacing  tends  to 
infinity  while  the  domain  size  (width  or  diameter)  remains  finite.  The  bubble-domain  critical  field 
is  always  greater  than  the  parallel-stripe  critical  field. 

With  the  above  theoretical  framework,  the  authors  have  sought  to  identify  and  elucidate  the 
factors  which  lead  to  hysteretic  effects  in  real,  finite,  and  nearly  defect-free  specimens,  and  have 
drawn  the  following  conclusions: 

(1)  The  theory  provides  excellent  prediction  of  stable  field  ranges  and  domain  dimensions  (bubble 
diameter  or  stripe  width,  and  spacing).  In  fact,  the  easily  observed  bubble-collapse  diameter  and 
zero-field  stripe  width  provide  the  easiest  and  most  precise  means  of  determining  the  characteristic 
length  and  hence  the  wall  energy. 

(2)  The  calculation  indicates  that  the  two  structures  have  quite  comparable  energies;  the  bubble 
array  has  slightly  lower  energy  at  high  bias  field,  and  the  parallel  stripes  have  slightly  lower  energy 
at  low  bias  field.  However,  parallel  stripes  have  not  been  observed  to  transform  into  a  bubble 
array  as  the  bias  field  is  increased.  This  discrepancy  is  explained  by  the  fact  that  new  domains 
could  only  be  nucleated  with  additional  energy. 

(3)  There  is  no  evident  mechanism  for  nucleation  in  a  finite  defect-free  crystal.  Such  a  sample, 
once  saturated,  should  behave  as  a  single-domain  particle. 

(4)  The  nucleation  of  domains  for  a  thin  plate  perpendicular  to  a  uniform  applied  field  and  with 
Ku>2ttMs2  probably  is  predicated  on  the  existence  of  major  defects,  or  substantial  inhomogeneous 
fields.  Permalloy  patterns  deposited  close  to  a  garnet  plate  provide  such  fields  and  have  been 
observed  to  nucleate  domains. 

(5)  A  favorable  site  for  the  nucleation  of  domains  is  a  crack  which  provides  a  means  of  breaking 
the  nucleation-inhibiting  short-range  exchange  force  while  maintaining  the  nucleation-favoring 
long-range  magneto-static  force.  Bubbles  also  tend  to  nucleate  at  small  protuberances  since  the 
energy  barrier  to  radial  growth  is  reduced  as  thickness  increases. 

(6)  As  domains  form,  they  enter  into  the  bulk  of  the  crystal  as  stripes.  Closed  domains,  e.g., 
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bubble  domains  and  stripes  with  both  ends  free,  do  not  form  spontaneously.  A  magnetically 
reversible  pattern  is  expected  in  which  the  stripes  recycle  to  their  point  of  origin  as  the  field  is 
varied  between  zero  and  a  positive  value  in  excess  of  the  highest  stripe  entry  field.  There  may  only 
be  as  many  stripes  as  nucleation  centers  and  each  stripe  has  one  free  end,  and  the  other  end  tied  to 
the  nucleation  point. 

(7)  An  energy  barrier  inhibits  the  separation  of  a  domain  from  (or  the  joining  to)  a  free-edge 
boundary  or  another  domain.  For  a  stripe  joined  to  a  boundary,  there  is  no  wall  energy  in  its  end. 
If  the  stripe  is  to  withdraw  from  the  boundary,  the  formation  of  the  end  wall  requires  additional 
energy.  Then  the  closed  end  moves  away  from  the  boundary  in  order  to  lower  magnetostatic 
energy.  Conversely,  as  a  stripe  end  approaches  a  boundary,  there  is  an  increase  in  magnetostatic 
energy,  followed  by  a  decrease  in  wall  energy  when  the  end  meets  the  surface. 

Energetically  speaking  it  is  as  easy  to  nucleate  or  destroy  a  bubble  domain  as  to  bring  a  bubble  or  a 
stripe  to  a  boundary,  or  to  bring  two  bubbles  together. 

(8)  Closed  domains  are  most  apt  to  be  formed  by  the  imposition  of  inhomogeneous  and/or 
transverse  fields,  though  bubble  domains  may  nucleate  at  local  nonuniformities  such  as  "hillocks". 
When  the  bubble  domains  are  formed  in  large  numbers,  they  form  a  hexagonal  lattice.  Stripes 
formed  as  a  result  of  unstable  bubble  domains  are  repelled  by  the  boundaries  (as  are  bubbles)  and 
therefore  are  normally  not  expected  to  intersect  boundaries. 

4.2.3  Domain  Structures  Resulting  from  Gradient  or  Oscillation  in  the  Bias  Field 

Urai  et  al.  [72UYFF]  observed  domain  patterns  in  orthoferrite  platelets  by  introducing  variations 
in  the  bias  field.  A  platelet  is  subjected  to  a  uniform  field  gradient.  The  gradient  can  be  varied 
and  the  zero  field  line  can  be  moved  with  respect  to  the  edge  of  the  specimen.  As  a  result,  wavy 
walls  interlaced  periodically  with  bubbles  (single  polarity,  or  alternately  positive  and  negative)  can 
be  created.  They  also  used  a  hexapetalous  ring  permalloy  generator  to  generate  helical  stripe 
domains  with  a  rotating  field.  When  an  oscillating  bias  field  is  applied,  concentric  stripe  rings, 
bubble  lattices  (single  polarity,  or  regions  of  positive  and  negative  bubbles)  can  be  created. 

4.3  Behavior  of  an  Isolated  Bubble 

Thiele  performed  a  detailed  mathematical  anlaysis  of  cylindrical  magnetic  domains  [69T],  and 
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discussed  at  length  the  device  implications  in  two  subsequent  papers  [7 IT,  71TDG].  A  summary 
was  made  of  the  device  implications  in  [70T],  and  the  materials  requirements  in  Gianola  et  al. 
[69GSTV].  It  is  the  purpose  of  this  section  to  outline  his  mathematical  techniques  which  should 
provide  useful  tools  for  future  device  studies;  and  highlight  his  essential  conclusions  which  have 
guided  present  device  design  and  materials  selection. 

A  qualitative  description  of  the  isolated  bubble  has  been  given  in  Sec.  2.2  (also  see  Bobeck  [67B] 
and  Bobeck  and  Scovil  [7 IBS]).  In  the  selected  reprint  by  Thiele  [7 IT],  the  stability  conditions, 
optimum  geometrical  parameters,  effects  of  coercivity  and  mobility,  suitable  materials  properties, 
and  domain  methods  for  measuring  materials  parameters  are  considered. 


4.3.1  Analysis 


To  facilitate  analysis,  Thiele  assumed:  a  cylindrical  wall  (i.e. ,  wall  shape  independent  of  z), 


negligible  wall  width,  and  constant  wall  energy  density  per  unit  area.  The  domain  boundary  (see 
Figure  4.3.1)  is  described  in  terms  of  a  Fourier  series: 


UNPERTURBED  REVERSED 

DOMAIN  MAGNETIZED 

BOUNDARY  DOMAIN 


Fig.  4.3.1  Cylindrical  domain  configuration  and  coordinate  system  (After  Thiele, 
[7QT] ,  Fig.  1 .)  • 


r.  (6)  =  y  r  cos  [n(6  -  6  )] 
b  La.  n  n 

n=0 


(4.3.1) 


=  r  +  Ar  + 
o  o 


i  Ar„ 

n=l 


cos  [n(0  -  '0  -  A0  )  ] 

n  n 


The  total  energy  (ET)  of  the  domain  consists  of  the  wall  energy  (Ew),  the  interaction  energy 

with  the  externally  applied  field  (EH),  and  the  internal  magnetostatic  energy  (EM). 
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E  =  E  +  E  +  E  , 
T  W  H  M' 


(4.3.2) 
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where 

orw  =  energy  per  unit  wall  area 
a  =  wall  area 

h  =  plate  thickness 
M  =  magnetization 

H  =  applied  field. 


(4,.  3.4) 


(4.3.5) 


The  variation  in  the  total  energy  when  rn  and  @n  are  varied  is: 


The  first  and  second  order  energy  variations  resulting  from  the  variation  of  wall  shape  (i.e., 

changes  in  rn  and  ©n)  determine  the  equilibrium  and  stability  conditions  for  the  wall  shape. 
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Thiele  [69T]  has  shown  that  by  substituting  Eqs.  (4.3.3)  through  (4.3.5)  into  Eq.  (4.3.6),  the  total 

(4.3.7) 
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Upon  normalization,  Eq.  (4.3.7)  becomes: 
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where 


/  =  ctw/4t7M2s  =.  characteristic  length 
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and 


S  (d/h)  =  -  — 
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(4.3.10) 


4.3.2  Equilibrium 


As  is  well  known  in  magnetostatic  problems,  the  Coulomb  forces,  although  simple  in  physical 

concept,  are  the  most  cumbersome  to  handle  mathematically.  This  results  from  the  fact  that  the 

magnetic  charge  at  any  point  in  space  interacts  with  all  the  magnetic  charges  throughout  the  space, 

hence  the  double  volume  integral  in  Eq.  (4.3.5),  and  the  complicated  functions  F  and  L  in  Eq. 

(4,3.7),  which  Thiele  [69]  derived  laboriously,  compiled  in  terms  of  elliptical  integrals,  and 
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expanded  in  power  series  in  their  asympotic  forms.  We  shall  only  concern  ourselves  with  the 
physical  origins  of  the  terms  in  Eq.  (4.3.7). 

The  coefficients  of  the  linear  variation  terms  [(T),  (2),  and  (3 )]  are  the  negative  of  the  general¬ 
ized  force.  All  forces  except  the  rD  force  are  identically  zero,  which  for  a  circular  domain  is  a 
consequence  of  the  rotational  symmetry.  Hence  the  total  force  per  unit  wall  area  (averaged  over 
z)  is  : 

_  1 

2Trr  h 
o 

where 

Mz  av 

The  first  term  is  the  product  of  the  wall  energy  density  and  the  wall  curvature,  and  always 
corresponds  to  an  inward  directed  force  (i.e.,  shrinking  the  wall).  The  second  term  is  the  change 
of  magnetization  at  the  moving  domain  wall  times  the  z-averaged  z-component  of  the  total  field  at 
the  wall.  The  applied  field,  when  in  the  direction  of  the  domain  magnetization,  is  negative  by 
definition  (see  Figure  4.3.1)  and  tends  to  expand  the  domain.  A  positive  applied  field  will  shrink 
the  domain.  The  force  function  F(2r0/h)  is  plotted  in  Figure  4.3.2.  It  is  always  positive,  indicat¬ 
ing  that  the  magnetostatic  force  (always  negative)  tends  to  expand  the  wall.  Thiele’s  expression 
for  <HMz>ave  agree  with  Bobeck’s  derivation  [67B]  which  is  obtained  by  superposing  the  internal 
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(4.3.12) 


nr  r  arra— bbbbb..... i _ _ i _ i _ i _ i _ >  ■  i 

0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  H.O  4.5  5.0  5.5  6.0 

DOMAIN  DIAMETER  TO  THICKNESS  RATIO -d/h 


Fig.  4.3.2  The  magnetostatic  radial  force  function  F  and  stability  functions  S0  to 
Sio  (s,  =  0),  as  functions  of  domain  diameter  to  thickness  ratio  (d/h).  (After 
Thiele,  [69T],  Fig.  3.) 
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field  of  a  plane  uniformly  magnetized  normal  to  its  surface  and  the  field  due  to  two  disks  of  radius 
rG  and  uniform  magnetic  surface  charge  density  ±  2MS. 


4.3.3  Stability 

The  second  variation  of  the  energy  with  respect  to  rn  and  ©n  determines  the  stability  of  the 
domain.  All  derivatives  not  explicitly  exhibited  in  Eq.  (4.3.7)  are  zero.  Due  to  the  absence  of  0n 
dependence,  the  system  is  completely  metastable  with  respect  to  angle.  Since  there  is  only  (Arn)2 
dependence,  but  no  ArnArm  dependence,  the  amplitudes  are  thus  normal  modes,  and  the  study  of 
stability  reduces  to  the  study  of  stability  of  the  individual  radial  amplitude. 

Refer  to  Eq.  (4.3.7).  The  terms  (4)  and  (5)  are  associated  with  the  change  of  the  diameter  of  the 
circular  domain.  In  fact,  they  are  simply  the  derivative  of  the  negative  of  the  radial  generalized 
force.  The  terms  (6), (7),  (§),  and  (9)  are  caused  by  the  deviation  from  a  circular  domain. 

©=  due  to  the  lengthening  of  the  wall; 

©:  due  to  the  second  order  change  in  domain  volume  interacting  with  the 

applied  field; 

®  and  due  to  internal  magnetostatic  force  at  the  wall. 


4.3.4  Graphical  Solution 

The  magnetostatic  radial  force  function  F  and  stability  functions  S0  to  S10  (St  =  0)  are  plotted  as 
functions  of  domain  diameter  to  thickness  ratio  d/h  in  Figure  4.3.2. 


Refer  to  Eq.  (4.3.8)  and  Figure  4.3.2.  For  a  domain  diameter  in  equilibrium,  the  coefficient  of  the 
term  (i.e.,  the  negative  of  the  normalized  radial  force)  must  be  zero: 
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For  the  domain  diameter  to  be  stable,  the  second  order  variation  in  energy  must  be  positive.  The 

normal  modes  in  amplitude  functions  further  simplify  the  stability  condition  to: 
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Since  Sn+1(d/h)<Sn(d/h), 

Eq.  (4.3.14)  reduces  to: 

S0(d/h)>//h>S2(d/h)  (4.3.15) 

The  graphical  construction  of  Eq.  (4.3.13)  and  (4.3.14)  on  the  plots  of  the  F  and  S  functions 
provide  a  convenient  solution  for  the  range  of  stable  domain  diameters  and  the  corresponding 
applied  field,  once  the  magnetic  material  type  (/  =  aw/47rMs2)  and  the  plate  thickness  (h)  are 
given. 


Fig.  4.3.3 


142 


CHAPTER  IV.  PHYSICS 


Fig.  4.3.3  (Cont.)  Graphical  solutions  based  on  force  function  F  and  stability  function  S’s. 
(a)  Field  range  for  stable  domains  (£/h=0.3,  d=d0,  d=d2,  and  d=2h);  (b)  Field  range 
for  stable  domains  (£/h=0.3,  H/47tMs  =  0.254,  Hc/47rMs  =  0.02);  (c) Pulsed  bias 
field  mobility  method  (C/h=0.3,  H/4ttMs  =  0.254,  (H  +  Hp)/4ttMs  =  0.5);  (d)  Radial 
and  elliptical  relative  compliance  functions  (fi/h  =  0.3,  d/h  =  2).  (After  Thiele, 
[71T],  Figs.  2,  10,  11,  and  12.) 


4.4  Behavior  of  a  Bubble  Lattice 

Nemchik  [69N,  69CN]  observed  a  close-packed  array  of  circular  domains  in  a  1  mil  thick  single 
crystal  (111)  GdIG  plate.  These  domains  were  formed  by  the  application  of  a  pulsed  magnetic 
field  to  a  sample  which  was  initially  in  the  snake-like  demagnetized  state.  The  density  of  these 
domains  depends  on  the  temperature  at  which  they  are  formed.  After  formation,  the  domain  size 
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can  be  varied,  without  affecting  the  density,  by  applying  a  bias  field  or  by  changing  the  tempera¬ 
ture  and  thereby  changing  the  magnetization. 


DeJonge  and  Druyvesteyn  [72DD]  generated  bubble  lattices  from  stripe  domains  in  a  40  nm  thick 
(Gd2.32Tbo.59Eu0.09)Fe5012  single  crystal  plate  and  measured  the  lattice  constant  and  the  bubble 
diameter  as  a  function  of  the  bias  field  normal  to  the  plate.  The  measured  results  as  well  as  their 
calculations  are  shown  in  Figure  4.4.1.  It  is  interesting  to  compare  the  bias  field  range  for  stable 
bubble  lattice  with  that  for  an  isolated  bubble.  At  optimum  thickness  (i.e.,  t  =  4/),  the  stable 
field  for  an  isolated  bubble  ranges  from  about  0.2  x  4WMS  (run  out)  to  0.3  x  4.wMs  (collapse).  At 
larger  thickness,  bubbles  exist  at  higher  bias  field;  while  at  smaller  thickness,  bubbles  exist  at 


smaller  bias  field.  However,  the  field  range  (AH)  remains  at  about  0.1  x  4wMs  for  t>4/  and 
decreases  appreciably  for  t<4!  (see  Figure  7  of  Thiele  [7 IT],  By  contrast,  Figure  4.4.1  shows  H 
ranging  from  (-0.3  to  0.5)  (4wMs)  for  a  stable  bubble  lattice  for  t/l  ranging  from  25  to  100.  A 
bubble  lattice  collapses  at  a  comparable  but  somewhat  smaller  positive  bias  field  than  an  isolated 
bubble.  However,  the  bubble  lattice  exists  at  zero  bias  field  because  it  is  a  completely  demagne¬ 
tized  state.  The  bubbles  in  a  lattice  are  confined  and  do  not  stripe  out  when  the  bias  field  is 
lowered  and  even  reversed.  As  the  bias  field  becomes  more  and  more  negative,  the  circular  shape 
becomes  honeycomb  shape.  More  detailed  calculations  and  discussions  of  bubble  lattices  are  given 

by  Druyvesteyn  and  Dorleijn  [71DD], 

a  b 

BUBBLE  HONEYCOMB 
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Fig.  4.4.1  Bubble  lattices,  (a)  Bubble  lattice  and  honeycomb  lattice,  (b)  Definitions 
of  t  and  £,  (c)  Lattice  constant  as  a  function  of  the  bias  field;  (d)  Bubble  radius  as 
a  function  of  bias  field.  (After  DeJonge  and  Druyvesteyn  [72DD] ,  Figs.  2  and  3.) 
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Fig.  4.4.2  A  pulse  0.3jusec.  long  and  of  %  1.2/i0Ms  amplitude  is  applied  to  the  black 
bubble  lattice  shown  in  (a)  causing  the  bubbles  to  expand,  run  into  one  another  and 
then  relax  back  into  a  white  bubble  array  as  shown  in  (b).  Radial  distortions  at  the  edge 
of  the  field  of  view  are  due  to  the  radial  component  of  the  pulsed  field.  The  long 
exposure  required  for  these  photographs  causes  the  white  bubbles  to  appear  larger  than 
the  black  bubbles,  but  they  are  in  fact  the  same  size,  (c)  The  sequence  of  events  which 
may  occur  during  topological  switching.  (After  O’Dell  [730] ,  Figs.  3  and  4.) 


O’Dell  [730]  studied  the  dynamics  of  a  close-packed  hexagonal  array  of  bubbles  in  epitaxial  layers 

of  (Eu0  6Y2  4)(Fe3  9GdLt  t)012.  He  developed  techniques  to  measure  the  low  field  domain  wall 

mobility,  domain  wall  saturation  velocity,  and  coercive  force.  A  perfect  and  reproducible  bubble 

domain  array  is  generated  when  a  bias  field  of  0.25  (4?rMs)  is  applied,  together  with  a  pulsed  field 

of  the  same  polarity,  of  0.3  fis  duration  and  at  1  KHz  repetition  rate,  which  is  increased  in 
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amplitude  to  1.2  (4t7-Ms)  and  then  slowly  reduced  to  zero.  As  the  pulsed  field  is  reduced  well 
below  47tMs,  the  bubbles  which  have  been  generated  vibrate  and  move  slowly  towards  the  center 
of  the  coil  where  the  normal  component  of  the  pulsed  field  is  slightly  lower.  This  focussing  effect 
upon  the  bubble  array  may  be  adjusted  by  varying  the  distance  between  the  end  of  the  small  coil 
(about  0.024M  diameter)  and  the  surface  of  the  magnetic  layer.  At  the  edge  of  the  coil  where  the 
pulsed  field  has  a  considerable  radial  component,  the  cylindrical  symmetry  can  no  longer  be 
maintained. 

The  response  of  a  bubble  lattice  to  a  small  sinusoidal  normal  field  is  used  to  deduce  viscous 
damping  and  the  wall  mobility  (O’Dell  [730],  Sec.  3).  It  can  be  shown  that  a  linear  relationship 
exists  between  the  applied  field  and  incremental  change  in  bubble  diameter.  However,  the  viscous 
damping  prevents  bubbles  from  expanding  or  contracting  rapidly  enough  to  maintain  zero  field  at 
the  domain  walls.  The  characteristic  relaxation  time  of  the  domain  wall  provides  a  measure  of  the 
viscous  damping. 

The  bubble  lattice,  being  in  the  demagnetized  state,  can  assume  two  remanent  topologies.  When 
viewed  with  the  Faraday  magneto-optic  effect,  it  may  appear  as  isolated  white  bubbles  on 
connected  black  background,  or  isolated  black  bubbles  on  connected  white  background.  Either 
topology  can  be  generated,  as  described  earlier,  by  the  combination  of  a  bias  field  and  a  pulsed 
field.  Moreover,  one  topology  can  be  switched  to  the  other  by  applying  the  pulsed  field  of 
opposite  polarity.  The  bubbles  will  first  expand  while  maintaining  circular  shape  and  regular  order. 
Eventually  the  bubble  domains  will  run  into  one  another  and  become  connected.  If  the  pulse 
amplitude  exceeds  47rMs  (about  1.2  x  4ttMs,  0.3  /as  duration),  an  array  of  small  bubbles  (say,  black 
instead  of  the  original  white)  will  be  formed,  Each  small  black  bubble  is  generated  at  the  center  of 
a  triangle  previously  occupied  by  three  neighboring  white  bubbles.  If  the  pulsed  field  is  now 
terminated,  before  these  black  bubbles  have  time  to  collapse,  the  pattern  will  relax  into  a  stable 
array  of  black  bubbles.  The  switching  from  one  topology  to  another  can  be  done  repeatedly 
without  any  degradation  in  array  perfection.  When  the  duration  of  the  pulse  field  is  lengthened,  it 
is  found  that  the  area  of  topological  switching  will  contract.  See  Fig.  4.4.2. 

Argyle  and  Malozemoff  [72AM]  observed  inertial  effects  of  domain  walls  in  stripe  arrays  with 

Faraday  detection  using  both  a.c.  and  pulse  techniques.  The  apparent  mass  observed  is  greater 
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than  the  classical  value  and  decreases  with  applied  in-plane  bias  field  in  a  way  predictable  from  the 
Landau-Lifshitz  equations. 

4.5  Domain  Wall  Structure  in  Bubbles 

The  1973  AIP  Conf.  Proc.  No.  10  (1972  Magnetism  and  Magnetic  Materials  Conf.)  contains 
several  excellent  review  articles  on  the  subject  of  domain  walls  and  mobilities.  Schryer  and  Walker 
[73SW]  analyze  the  motion  of  180°  domain  walls  in  a  step  uniform  magnetic  field  in  bulk  uniaxial 
materials.  Vella-Coleiro  [73V]  studies  the  wall  mobility  in  epitaxial  garnet  films.  The  departure 
from  simple  Bloch  walls  (e.g.,  the  interleaved  Bloch  and  Neel  wall  sections)  is  considered  by  Tabor 
et  al.  [73TBVR],  and  Slonczewski  et  al.  [73SMV].  The  interaction  between  lattice  imperfections 
and  ordered  spin  structures  is  considered  by  Kronmuller  [73K]. 


4.5.1  Experimental  Observations 

Grundy  et  al.  [71GTH,  71GHJMT,  72GHJMT,  73GJ]  observed  small  domains  (~  1  KA  diameter 
or  width)  in  thin  (~1  KA)  Co  foil  of  single  crystal  by  Lorentz  electron  microscopy.  A  continuum 
of  magnetization  configurations  was  inferred  from  the  magnetic  contrast  observed  in  a  Co  foil  of 
tapered  thickness  (see  Fig.  4.5.1).  The  magnetization  in  the  domains  is  normal  to  the  foil  plane  at 
the  thick  end,  and  lies  in  the  plane  at  the  thin  end.  The  pairs  of  adjacent  walls  also  vary  in  the 
relative  sense  of  magnetization  rotation  in  the  two  constituent  walls.  In  a  pair  of  winding  walls, 
the  magnetization  rotates  in  the  same  sense.  In  a  pair  of  unwinding  walls,  the  magnetization 
Rotation  changes  sense  from  one  wall  to  the  other.  When  a  bubble  is  formed  by  pinching  a  piece 
off  a  serpentine  domain  with  winding  walls,  its  wall  magnetization  is  continuous  (Fig.  4.5.2(a),  a 
single-chirality  wall).  However,  when  a  bubble  is  formed  by  pinching  a  piece  off  a  serpentine 
domain  with  unwinding  walls,  its  wall  magnetization  will  have  discontinuities  (Fig.  4.5.2(b),  a 
mixed-chirality  wall).  Experimental  confirmation  of  the  different  types  of  domain  walls  has  been 
obtained  by  electron  microscope  observation  (see  Fig.  4.5.3).  The  formation  of  doamin  walls 
containing  different  number  and  arrangement  of  Bloch  lines  has  been  further  studied  by  Voegeli 
and  Calhoun  [73VC].  They  propose  that  the  line  formation  can  be  understood  in  terms  of  the 
requirement  that  the  magnetization  remain  continuous  during  bubble  splitting  process. 

Domain-wall  structure  variations  were  also  inferred  from  the  behavior  of  bubbles  in  practical 
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Y-bar  shift  registers.  It  was  noted  that  certain  bubbles  can  be  collapsed  only  at  much  higher 
collapse  field  and  at  much  smaller  diameter. 


©  ^  WALLS 
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PLANAR  M  DOMAINS  WALLS  WALLS 


Fig.  4.5.1  Four  magnetization  configurations  (uniform  planar  magnetization,  strip 
domains,  unwinding  walls,  and  winding  walls)  in  a  single  crystal  Co  foil  of  tapered 
thickness  as  inferred  from  magnetic  contrast  observed  by  Lorentz  electron  microscopy. 
(After  Grundy  et  al  [71GTH] ,  Fig.  2.) 


(a) 


(b) 


Fig.  4.5.2.  Two  types  of  domain  walls  in  bubbles,  (a)  A  single-chirality  wall  (in  which  the 
magnetization  rotates  in  the  same  sense)  can  be  formed  by  pinching  a  bubble  out  of  a 
serpentine  domain  with  winding  walls,  (b)  A  mixed-chirality  wall  can  be  formed  by 
pinching  a  bubble  out  of  a  serpentine  domain  with  unwinding  walls.  (After  Grundy  et  al 
[71GTH]  Fig.  4.) 


Fig.  4.5.3  Lorentz  electron  micrograph  of  domain  and  wall  configuration  in  Co  single 
crystal  foil  (taken  at  100KV).  The  crystal  thickness  is  1000  A  at  center  and  increases 
from  bottom  to  top  of  the  photo.  Note  the  existence  of  bubble  lattice.  Three  types  of 
domain  wall  configurations  are  shown,  (a)  A  white  ring  surrounded  by  a  black  ring 
indicates  clockwise  magnetization  in  the  wall;  (b)  a  black  ring  surrounded  by  a  white 
ring  indicates  counterclockwise  magnetization  in  the  wall;  and  (c)  The  third  kind 
consists  of  a  mixture  of  the  above  two.  The  black  and  white  rings  correspond  respective¬ 
ly  to  the  defocussing  and  focussing  of  electrons  after  they  have  traveled  through  the 
wall.  (After  Grundy  et  al  [71GHJMT] ,  Fig.  1 .) 


4,5.2  Hard  Bubbles 


The  practical  importance  of  domain-wall  structures  is  manifested  in  the  hard-bubble  phenomena. 

It  has  been  observed  (by  Malozemoff  [72M]  and  Tabor  et  al.  [72TB VR]  that,  in  various  bulk  and 

film  garnet  specimens,  as  the  bias  field  is  increased  to  collapse  the  bubbles,  certain  bubbles  persist 
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to  much  smaller  diameters  at  much  higher  fields  than  predicted  by  Thiele’s  theory  based  on  simple 
Bloch  wall  configuration.  The  phenomena  associated  with  hard  bubbles  include: 

1.  At  the  extreme,  the  hard  bubbles  have  a  diameter  variation  of  10  to  1  over  a  bias  field  range 
of  0.23  (4ttM),  as  contrast  to  a  diameter  variation  of  3  to  1  over  a  field  range  of  0.10  (4^-M) 
for  normal  bubbles  (Tabor  et  al.  [72TBVR]).  Moreover,  the  domain  shape  may  be  elliptical 
or-like  a  dumbbell  (Slonczewski  et  al.  [73SMV]).  The  diameter  vs.  field  curves  for  the 
various  types  of  bubbles  seem  to  be  quantized;  viz.,  a  bubble  fits  one  curve  or  the  other,  but 
not  in  between  (Malozemoff  [72M]).  See  Fig.  4.5.4.  There  is  no  upper  limit  to  "hardness” 
if  dumbbells  are  counted  among  the  "hard"  bubbles;  the  lower  limit  is  the  circular  domain 
with  conventional  Bloch- wall  structure  (without  any  Neel  wall  sections). 


Fig.  4.5:4  Diameter  vs.  bias  field  for  normal  bubbles,  intermediate  bubbles,  and  hard 
bubbles  in  GdTbIG.  (After  Tabor  et  al.  [73TBVR] ,  Fig.  1 .) 

2.  The  motion  of  hard  bubbles  is  not  always  in  the  direction  of  the  applied  field  gradient.  It  has 
relatively  constant  forward  velocity,  but  increasing  transverse  velocity  at  higher  fields 
(Tabor  etal.  [72TBVR]). 

3.  In  a  given  drive  field,  a  hard  bubble  moves  much  slower  than  a  normal  bubble  (Slonczewski 
[72S],  and  Tabor  et  al.  [72TBVR]). 

4.  When  a  small  a.c.  field  is  superimposed  on  the  d.c.  bias  field,  normal  bubbles  oscillate  in 
size  or  run  out  randomly.  However,  a  hard  bubble  tends  to  run  out  into  an  S-shape  and 
rotates  (Wolfe  and  North  [72WN]). 

5.  Hard  bubbles  are  formed  under  rapid  demagnetization  of  the  magnetic  medium  such  as  to 
induce  a  domain  pattern  with  many  complex  fingers  attached  to  a  central  stripe  domain. 
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They  are  converted  to  normal  bubbles  if  rapidly  expanded  in  a  rapidly  decreasing  bias  field. 
(Tabor  et  al.  [72TBVR]). 


Fig.  4.5.5  (a)  Interleaved  Bloch  (white)  and  Neel  (dark)  wall  sections  in  a  hard  bubble, 

(b)  Pictorial  representation  of  the  actual  spins  through  3  Bloch  segments  separated  by  2 
Neel  segments.  Note  that  in  going  from  left  to  right  the  spin  rotation  is  counterclock¬ 
wise.  (After  Rosencwaig  [72R] ,  Fig.  1.) 


The  behavior  of  hard  bubbles  can  be  explained  by  the  model  of  interleaved  Bloch  and  Neel  wall 
segments  (see  Fig.  4.5.5).  Note  that  the  spins  in  the  wall  continue  to  rotate  clockwise  thus 
preventing  adjacent  Neel  sections  from  merging  and  annihilating  each  other.  When  there  are  many 
Neel  segments  constrained  in  the  wall,  their  exchange  energy  becomes  large,  which  accounts  both 
for  the  higher  collapse  field  and  smaller  collapse  diameter  (Malozemoff  [72M]  and  Rosencwaig  et 
al.  [72RTN]).  The  application  of  Landau-Lifshitz-Gilbert  equation  to  this  model  explains 
satisfactorily  item  (2)  and  (3)  described  in  the  preceding  section  (Slonczewski  [72Sa]  and 
Vella-Coleiro  et  al.  [72VRT],  Slonczewski  et  al  [73SMV],  and  Thiele  [73Tb]).  Slonczewski  et  al. 
[73SMV]  have  found  that  even  when  the  number  of  Bloch  lines  is  very  small,  the  bubbles  can  be 
deflected  by  a  significant  angle  from  the  direction  of  a  field  gradient.  Curiously,  but  as  predicted 
from  the  Landau-Lifshitz  equations,  the  normal  bubble  (no  Bloch  line)  is  deflected  while  a  bubble 
containing  two  Bloch  lines  (n  =  +  2)  is  not.  (See  Fig.  4.5.6). 
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Fig.  4.5.6  (a)  Histogram  of  hard  bubble  deflection  angles  from  pulsed  gradient  field 

direction. (b)  Relationship  between  Bloch  line  numbers  and  revolution  of  \Jj  in  bubbles. 
(After  Slonczewski  et  al  [73SMV] ,  Figs.  9  and  10.) 


4.5.3  Hard-Bubble  Suppression 


Since  bubble  devices  are  not  intrinsically  fast  devices  to  begin  with,  it  is  highly  undesirable  to 
suffer  further  unnecessary  sacrifice  of  speed  due  to  hard  bubbles.  Moreover,  the  erratic*  behavior 
of  bubbles  going  off  tangent  in  a  field  gradient  cannot  be  tolerated  in  device  operation. 


Fig.  4.5.7  Hard-bubble  suppression  by  an  ion-implanted  layer,  (a)  A  2n  =  4  bubble  not  in 
contact  with  the  second  magnetic  layer,  (b)  The  bubble  in  contact  oyer  2/3  of  its  area 
with  a  planar  wall  due  to  the  second  magnetic  layer.  The  white  arrows  represent  planar 
wall  spins  and  the  dark  arrows  perimeter  wall  spins.  The  dashed  lines  represent  the 
molecular  fields  due  to  interaction  with  the  planar  wall,  (c)  The  bubble  in  contact  over 
90  percent  of  its  area  with  this  planar  wall,  (d)  The  bubble  completely  onto  the  second 
magnetic  layer.  The  spin  flips  have  occurred  and  the  bubble  is  now  a  2n  =  2  bubble. 
(After  Rosencwaig  [72R] ,  Fig.  3.) 
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At  present,  four  methods  have  been  described  to  suppress  hard  bubbles:  multilayer  epitaxial  garnet 
films  (Bobeck  et  al.  [72BBL]),  ion-implanted  surface  layer  (Wolfe  and  North  [72WN]);  permalloy 
deposition  on  garnet  films  (Lin  and  Keefe  [73LF],  and  Takahashi  et  al.  [73TNK],  [73TNKS]); 
and  low-Q  films  (Henry  et  al.  [73HBWW],  and  Smith  et  al.  [73SKB].  The  efficacy  of  the  first 
three  methods  relies  on  the  interlayer  transition  region  to  limit  the  Neel  sections  in  a  bubble 
perimeter  wall  to  no  more  than  two.  In  Figure  4.5.7  is  shown  a  bubble  with  4  Neel  sections 
merging  from  a  single-layer  region  into  a  double-layer  region.  As  the  spins  in  the  interlayer 
transition  region  tends  to  align  in  the  same  direction,  they  force  out  all  Neel  sections  except  at  two 
points  along  the  axis  of  bubble  motion.  This  configuration  for  wall  perimeter  at  the  base  of  a 
bubble  is  then  permeated  through  the  film  thickness.  When  the  Neel  sections  in  a  wall  are  reduced 
to  only  two,  the  bubble  will  travel  straight  in  the  direction  of  the  field  gradient  and  the  collapse 
field  is  not  significantly  increased. 


^  BIAS 


Fig.  4.5.8  Hard-bubble  suppression  by  multilayer  epitaxial  garnet  films,  (a)  Garnet  layers 
with  compensation  temperatures  on  opposite  sides  of  the  operating  temperature  are 
used  in  this  two-layer  film,  (b)  Domain  patterns  at  zero  bias.  Solid  arrows  indicate  net 
magnetization,  dotted  arrows  the  tetrahedral  Fe  sub  lattice  orientation,  (c)  At  operating 
bias  a  new  bubble  configuration  is  observed  since  interlayer  domain  walls  are  present 
whenever  the  Fe  is  aligned  antiparallel.  (After  Bobeck  et  al  [72BBL ,  Fig.  2.) 


The  two-layer  epitaxial  garnet  film  is  illustrated  in  Figure  4.5.8.  Two  features  of  the  garnets 
should  be  observed: 


1.  In  the  Ms  vs.  T  curves,  to  the  left  of  the  compensation  point,  the  magnetic  moments  of  the 

rare-earth  elements  and  Fe  are  opposite  (layer  1);  and  to  the  right,  parallel  (layer  2). 
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2.  Only  the  Fe,  but  not  the  rare-earth  elements,  has  exchange  coupling.  Thus  walls  exist  only 
when  the  magnetic  moments  due  to  Fe  are  opposite  in  the  two  layers.  When  a  bias  field  is 
applied  to  the  two-layer  film,  the  interlayer  wall  and  bubble-perimeter  wall  together  assume 
the  shape  of  a  topless  hat  (see  heavy  line). 

The  fabrication  aspects  for  multi-layer  expitaxial  films  are  discussed  by  Bobeck  et  al.  [72BBL], 
and  for  ion-implanted  films  by  Wolfe  and  North  [72WN]. 

When  a  thin  permalloy  film  is  directly  deposited  onto  an  epitaxial  garnet  film  to  suppress  hard 
bubbles,  the  optimum  permalloy  thickness  is  in  the  range  of  50  to  150  Angstroms  (Takahashi  et  al. 
[73TNKS]).  The  presence  of  permalloy  does  no  harm  to  bubble  physical  or  device  behaviors,  but 
improves  the  wall  mobility  by  50  percent. 

Smith  et  al.  [73SKB]  have  reported  no  hard  bubbles  are  observed  in  low  Q(<4)  LPE  garnet  films, 
even  though  these  film  have  neither  ion-implanted  layers  nor  compositional  gradients.  The 
compositions  include: 


Composition 

Q=Hk/ 4wMs 

/i(cm/ sec/ Oe) 

(Yo.9-®  ^1 .2^m0.9^  ^e4.6^0. 1  ^a0.3  )  Q 12 

1.6 

2700 

(Yo.9Gd15Yb06)(Fe45Al05)012 

2.0 

600 

(Yi.oGdi.oEr1.o)(Fe4.5Alo.1Gao.4)012 

2.9 

440 

^i.5-^uo.75Gd0  75)(Fe44Al0  5Ga0 1)012 

3.9 

1000 

(^2.oTmi  .o)(^e4.i  G&0.9)  012 

3.3 

1130 

The  controlling  mechanisms  for  hard-bubble  suppression  in  these  films  are  yet  to  be  established. 
The  interesting  observations  include: 

1.  Hard-bubble  generation  techniques  (e.g.  pulsed  fields)  have  been  used  in  an  attempt  to 
induce  hard  bubbles.  However,  the  collapse  fields  of  all  the  created  bubbles  vary  no  more 
than  1.5  percent  of  the  bias  field,  indicating  no  hard  bubbles.  . 
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2.  In  the  YGdTm-garnet,  all  the  pulse-field-generated  bubbles  move  at  an  angle  60  ±  7°, 
indicating  no  Bloch  lines  (i.e.  no  hard  bubbles). 

3.  When  bubbles  are  generated  in  the  same  material  by  applying  a  large  in-plane  dc  field,  so  as 
to  induce  only  two  Bloch  lines  presumably,  bubbles  indeed  move  parallel  to  the  field 
gradient.  However,  as  the  field  across  a  bubble  is  increased  beyond  3  Oe,  the  bubbles  revert 
to  propagation  at  the  same  angle  as  the  pulse-field-generated  bubbles. 

4.  A  (Y10Gd10Tm10)(Fe44Gd06)O12  garnet  exhibits  a  Q  of  8.3  at  room  temperature.  When  it 
is  heated  above  75 °C,  when  the  Q  is  lowered  to  2.2,  hard  bubbles  can  no  longer  be  generat¬ 
ed,  confirming  the  results  of  Henry  et  al.  [73HBWW].  It  is  also  noted  that  hard  bubbles 
generated  below  75  °C  will  remain  hard  if  the  sample  is  heated  and  then  returned  to  room 
temperature  without  exceeding  the  collapse  field.  Apparently,  only  the  generation  of  hard 
bubbles  is  inhibited  in  Q<4  materials,  but  not  their  existence. 

4.6  Dynamics  of  Domain  Walls 

Hagedorn  [72H]  reviewed  the  domain  wall  motion  in  bubble  domain  materials.  As  a  starting  point, 
a  steady-state  solution  for  the  motion  of  an  infinite  planar  wall  in  a  magnetic  material  with 
orthorhombic  anisotropy  [Kan=(K+  A  sin2<£)sin2  ©,  @=polar  angle,  <$>  =  azimuthal  angle]  is 
derived  from  the  Landau-Lifshitz-Gilbert  equation.  The  wall  velocity  vs.  applied  field  relation¬ 
ship  and  the  mobility  expression  are  obtained.  Extensive  experimental  data  in  bubble  domain 
materials  are  compiled.  A  comparison  of  the  data  with  the  theoretical  results  (/i  =  yH5w/ ira) 
indicates  that  the  mobility  (fiw  =  v/H )  depends  on  wall  width  (<$w  =  it  (A/k)1^)  in  a  predictable 
way,  but  its  detailed  behavior  (nonlinear  velocity  vs.  field  and  saturation  velocity)  cannot  be 
understood  in  terms  of  the  infinite  planar  wall  model.  Also  reviewed  are  effects  of  surface 
smoothness,  thermal  annealing,  irradiation  with  X-rays,  and  wall  motion  damping  due  to  aniso¬ 
tropic  energy  levels. 

4.6.1  Critical  Wall  Velocities 

Vella-Coleiro  [73V]  reviews  our  current  understanding  of  domain-wall  mobility  in  LPE  garnet 
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films  (on  {llljGGG  substrates),  based  on  extensive  recent  measurements  and  the  observation  of 
Bloch-to-Neel  transitions  in  domain  walls. 


The  domain  wall  velocity  ( v )  can  be  expressed  as  v  =  ^SyAH,  where  AH  is  applied  field,  and  /xw  is 
defined  as  wall  mobility  (cm/sec/ Oe)  and  is  determined  by  materials  properties  and  wall  configu¬ 
ration.  Considerable  variations  in  the  mobility  and  in  the  degree  of  nonlinearity  have  been 
observed.  Several  theories  have  been  postulated  and  different  critical  values  for  velocities  derived. 


Based  on  the  Landau-Lifshitz-Gilbert  equation  of  motion, 

dM/dt  =  yM  x  He  -  (a/M)M  x  dM/dt,  (4.6.1) 

the  velocity  of  a  straight  wall  in  a  bulk  sample  is: 

l 

v  =  X  _w  H  (4.6.2)  1 

a  7T 

where  y  =  gyromagnetic  ratio,  a  =  damping  constant,  and  7W  =  (A/k)1/2  =  wall  width. 


The  wall  motion  (or  magnetization  reversal)  is  damped  due  to  various  energy  losses.  The  pheno¬ 
menological  damping  parameter,  which  appears  in  the  Landau-Lifshitz-Gilbert  equation,  can  be 
measured  by  ferrimagnetic  resonance  attendant  to  small-angle  spin  precession  or  by  radio¬ 
frequency  susceptibility  due  to  wall  motion.  These  measurements  show  large  discrepancy  in  YIG 
(Hagedorn  and  Gyorgy  [61GH]),  but  good  agreements  for  most  (RE)IG  (Vella-Coleiro  et  al. 
[72VSV]).  From  Eq.  (4.6.2),  the  mobility  for  bulk  sample  can  be  expressed  as: 

1 


U 


U/Y2) 


("ST'172  -  *  =  V4" 


(4 ,6 . 3) 


The  value  of  (A/y2)  (A  =  Landau-Lifshitz  damping  parameter)  ranges  from  0.52  x  10-7  Oe2  sec 
for  Y  and  Gd  to  48  x  107  Oe2  sec  for  Tb.  (See  Table  I  of  Vella-Coleiro  [73V].)  The  above 
equation  is  helpful  in  formulating  garnet  compositions  with  properties  useful  for  bubble  devices.  It 
should  also  be  noted  that  approximately  speaking  the  contributions  to  the  damping  from  different 
rare  earth  ions  can  be  added  linearly.  Most  of  the  epitaxial  films  measured  to  date  have  exhibited  a 
damping  constant  considerably  larger  than  the  bulk  values,  although  a  few  films  have  been  grown 
with  a  wall  mobility  in  agreement  with  the  bulk  data  (see  Table  II  of  Vella-Coleiro  [73V]). 


For  most  of  the  rare-earth  garnets  the  most  significant  contribution  to  the  damping  at  room 

temperature  arises  from  the  slow  relaxation  mechanism,  which  results  from  the  anisotropic 

exchange  interaction  between  the  rare-earth  ions  and  the  iron  sublattice.  The  interaction  produces 
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a  splitting  of  the  crystal  field  energy  levels  of  the  rare-earth  ion,  the  magnitude  of  the  splitting 
being  a  function  of  the  direction  of  the  magnetization  with  respect  to  the  crystalline  axes.  Thus 
the  magnetization  precession  due  to  the  passage  of  a  domain  wall  past  a  rare-earth  ion  produces  a 
modulation  of  the  energy  levels  of  that  ion,  and  irreversible  energy  loss.  Harper  and  Teale  [67HT] 
have  analyzed  the  effect  of  the  slow  relaxation  on  the  mobility. 

In  a  straight  wall  without  Neel  segments,  the  velocity  reaches  a  maximum  at  an  optimum  azimuthal 
angle  for  M  which  produces  maximum  torque.  Further  increase  in  applied  field  will  result  in 
instability  in  the  spin  configuration,  with  attendant  increase  in  wall  energy  and  decrease  in  wall 
width.  Thus  Walker’s  critical  velocity  Vw  =  4M5wy  is  calculated  to  range  between  5,000  to 
12,000  cm/sec  in  typical  garnets  (Walker  [63W]  and  Schryer  and  Walker  [73SW]). 

Stray  fields  due  to  surface  magnetic  poles  significantly  alter  the  internal  structure  of  domain  walls 
in  thin  films  from  that  of  bulk  medium  (Argyle  et  al  [72ASM]).  Schlomann  [72Sa]  calculates  the 
width  and  energy  of  twisted  walls  postulated  for  thin  films.  However,  the  most  interesting  and 
significant  manifestations  of  novel  wall  structures  are  statics  and  dynamics  of  hard  bubbles  (see 
Sec.  4.5)  and  dynamic  effects  of  simple  bubbles  (this  section). 

Prompted  by  Calhoun’s  report  [71CGR]  of  nonlinear  velocity  vs.  field  relationship  and  wall 
resonance  in  low  moment  Y3(Fe,  Ga)5012,  Slonczewski  [72S]  formulated  equations  of  motion  for 
domain  walls  which  serve  as  a  basis  for  treatment  of  non-linear  motion  (Slonczewski  [7 IS],  Argyle 
et  al.  [72ASM],  and  Slonczewski  [73S]).  For  very  small  a,  he  predicts  in  general  a  peak  in  V  vs.  H 
followed  by  a  constant  "saturation"  velocity  VQ  whose  value  does  not  depend  on  a ,  but  rather  on 
irreversible  energy  changes  during  periodic  episodes  of  unstable  motion.  In  the  special  case  of 
large  film  thickness  compared  to  Bloch-linewidth,  the  surface-pole-fields  are  important.  The 
unstable  episodes  are  then  characterized  by  the  annihilation  of  periodically  generated  horizontal 
Bloch  lines  (Neel  segments),  and  VG  is  given  by: 

VG  =  7.1yA/hK1/2  (4.6.4) 

"Knee"  velocities  and  saturation  velocities  observed  in  bubble  collapse  measurements  of  Argyle  et 
al.  [72ASM],  for  several  (Gd,Y)3(Fe,Ga)5012  and  (Eu,Y)3(Fe,Ga)5012  films,  fall  in  the  range  200 
to  1700  cm/sec.  These  values  come  closer  to  the  predictions  of  Eq.  (4.6.4)(250  to  2400  cm/sec.) 
than  to  the  values  of  Vw  cited  above. 
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An  alternative  interpretation  of  non-linear  mobility  observations  is  given  by  Thiele  [73Ta]  who 
attributes  them  to  the  onset  of  spin-wave  generation  by  the  moving  wall.  The  velocity  anomaly 
occurs  at  that  value  for  which  the  spin-flipping  rate  in  the  walls  equals  the  characteristic  frequency 
of  a  domain-wall  excitation  (bound  spin  wave).  The  predicted  critical  velocity  resembles  Eq. 
(4.6.4)  above. 

Still  another  interpretation,  in  terms  of  a  phenomenological  nonlinear  damping  factor  is  given  by 
Callen  et  al.  [72CJSS].  In  addition,  Callen  and  Josephs  [71CJ]  calculate  the  effect  of  the  bubble 
potential  on  the  apparent  mobility  as  determined  in  collapse  experiments.  Cape  et  al.  [73CHL] 
show  that  the  dynamic  collapse  condition  depends  not  only  on  the  bubble  radius,  but  also  on  the 
wall  momentum  at  the  instant  when  the  applied  pulse  field  falls  to  zero. 


As  discussed  in  Sec.  4.5,  Neel  segments  may  be  present  in  the  Bloch  wall.  When  these  are  closely 
spaced,  the  additional  exchange  energy  dominates  over  the  demagnetizing  field  and  anisotropy 
energies,  resulting  in  an  approximately  linear  rotation  of  spins  along  the  wall.  As  shown  by 
Vella-Coleiro  et  al.  [72VRT]  and  Malozemoff  and  Slonczewski  [72MS]  the  wall  moves  only  by 
virtue  of  the  damping  torque,  resulting  in: 


V  = 


ya  w 


(l+a2) 


H 


(4.6.5) 


This  relation  was  confirmed  experimentally  in  a  low-loss  garnet  film, 
(Yb  15Eu  65Y2  2)(Gaj  ^639)0^,  by  means  of  pulse  collapse  (Malozemoff  and  Slonczewski 
[72MS]). 


The  damping  increases  greatly  at  temperatures  well  below  25  °C,  but  remain  essentially  constant 
between  20°C  and  80°C  (Harper  and  Teale  [67HT],  [69HT]).  Ion  implantation  at  a  dosage 
sufficient  to  suppress  static  hard  bubbles  (e.g.,  5  x  1016  protons/cm2  at  50  KeV  for 
(YEua  85Yb  15)(Al,Fe)5012  does  not  affect  mobility.  Double-layered  films  also  yield  mobility 
values  consistent  with  those  in  the  equivalent  single  layer  films.  Since  both  the  ion-implanted  and 
double-layered  films  differ  from  the  usual  films  only  in  the  additional  inter-layer  wall  capping  a 
bubble,  and  the  bubble  motion  does  not  cause  spin  reversal  in  this  capping  wall,  one  does  not 
expect  any  significant  influence  on  the  drag  force  acting  on  the  bubble. 


4.6.2  Dynamic  Conversion  of  Wall  Configuration 

Walls  which  contain  multiple  Bloch  to  Neel  transitions  have  a  considerably  lower  mobility  than  a 
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normal  wall.  In  addition,  dynamic  conversion  effects  have  been  observed.  Statically  hard  bubbles 
have  been  observed  to  convert  into  and  remain  as  normal  bubbles  when  their  velocity  exceeds  a 
critical  value  (Tabor  et  al.  [72TBVR]);  and  statically  normal  bubbles  at  high  values  of  drive  field 
would  sometimes  temporarily  move  with  low  velocity  at  an  angle  to  the  applied  field  gradient.  The 
conversions  occur  at  velocities  well  below  Walker’s  critical  velocity. 

Measurements  of  bubble  velocity  in  a  pulsed  field  gradient  have  shown  that  at  a  given  drive  field 
there  exists  a  considerable  scatter  in  the  velocity  of  the  bubble.  This  effect  has  been  attributed  to 
dynamic  conversion  of  a  normal  bubble  domain  wall  into  a  relatively  immobile  state  which  is  not 
statically  stable.  In  addition  to  the  hard  bubble  phenomenon,  the  dynamic  conversion  of  bubble 
wall  configuration  contributes  to  the  erratic  propagation  behavior  in  bubble  devices.  (Vella- 
Coleiro  et  al.  [73VHCB],  Vella-Coleiro  [73V],  Hagedorn  [73H],  and  Slonczewski  [73S].) 

Dynamic  conversion  has  been  observed  in  films  with  or  without  ion-implantation,  and  with  or 
without  planar  field.  In  a  high  mobility  sample  of  (Lu,Gd)3(Al,Fe)5012,  at  a  drive  field  of  7.9  Oe 
across  the  bubble  diameter,  the  velocity  varies  from  1270  cm/sec  to  4400  cm/sec.  In  a  LuGd  film 
implanted  with  1014/cm2  Ne  ions  at  200  KeV,  the  bubble  velocity  ranges  from  1480  cm/sec  to 
9300  cm/sec  at  a  drive  field  of  14  Oe.  An  in-plane  field  of  100  Oe  did  not  change  significantly 
the  spread  in  the  velocity,  but  it  produced  an  increase  in  the  maximum  velocity  at  all  drive  fields. 
In  (Sm4Y26)(Ga12Fe3  8)012  films,  which  have  higher  Q(  Hk/477MS)  and  hence  more  stable  wall 
structure,  the  velocity  spread  is  smaller  than  in  LuGd  films  (Vella-Coleiro  [73V]). 

It  is  suggested  that  the  immobile  wall  resulting  from  dynamic  conversion  contains  many  vertical 
Bloch  lines,  parallel  with  the  cylinder  axis.  The  model  provides  for  generation  of  equal  numbers  of 
right-handed  and  left-handed  lines  but  suggests  how  interaction  with  imperfections  can  lead  to 
preferential  suppression  of  either  kind.  Thus,  skew  propagation  is  not  required  but  can  occur; 
large  damping  results  from  the  presence  of  the  Bloch  lines  in  either  case.  By  assuming  that  the 
Bloch  lines  originate  near  the  film  surface  (Slonczewski,  [73S]),  it  is  concluded  that  the  threshold 
velocity  for  dynamic  conversion  is  approximately  Vp  calculated  by  Slonczewski  [73S].  However, 
the  steady-state  velocity  could  be  much  less  than  V  .  Interaction  between  the  moving  bubble 
domain  wall  and  film  imperfections  is  suggested  as  an  important  factor  in  both  nucleation  and 
annihilation  of  the  circumferential  Bloch  lines  that  participate  in  the  dynamic  development  of  the 
vertical  Bloch  lines  (Hagedorn  [73H]). 
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Dynamic  conversion  must  be  suppressed  in  order  to\ensure  reliable  propagation  behavior  in 
devices.  The  practical  means  include  the  elimination  of  significant  material  imperfections,  the 
increase  of  nucleation  energy  for  Bloch  lines  in  the  domain  wall,  and  the  limitation  of  propagation 
velocity  below  Vp  in  a  high  Vp  material. 

4.6.3  Effect  of  In-Plane  Field 

An  in-plane  field  increases  the  saturation  velocity  of  bubbles  and  also  suppresses  bubble  deflec¬ 
tions.  Josephs  and  Stein  [73JS]  generated  2-Bloch-line  bubbles  by  in-plane  demagnetization  in  an 
LPE  film  of  (Y24Eu06)(Fe38Ga12)O12.  With  an  in-plane  field  Hj  ^  ,  the  nonlinearity  and  saturation 
in  the  1/f  vs  pulse  field  as  generally  observed  in  low  damping  materials  for  H^=0  are  still  present. 
The  saturation  value  of  1/f  increases  quadratically  with  H  ^  with  the  value  at  90  Oe  being  four  times 
the  value  at  H^O. 

Bullock  [73B]  has  ion-implanted  samples  of  ( Yt  4Gd0  6Tmt  0) (Fe4  2Ga0  8)012  and 
(Y10Gd10Tm10)(Fe42Ga0  8)O12  with  various  ions  (H+,  H2+,  or  Ne+),  doses  and  energies  which 
successfully  suppressed  hard  bubbles  statically.  He  observed  very  uniform  translational  motion, 
high  velocities  at  AH<10  Oe,  and  32°  deflection  angle  between  7Hmax  and  V.The  bubble 
deflection  was  suppressed  by  an  in-plane  dc  field  of  any  planar  orientation  and  of  magnitude  equal 
to  110  Oe.  The  bubbles  were  slightly  distorted  elliptically,  and  their  velocity  increased  from  3100 
cm/ sec  to  5000  cm/ sec  at  AH=9  Oe. 

Sandfort  et  al.  [73SSM]  have  measured  the  wall  mobility  over  the  temperature  range  -10  to  +60°C 
in  (Y,Eu,Yb)3(Fe,Ga)5012,  which  exhibits  temperature-stable  characteristic  length.  At  -10°C,  the 
mobility  with  an  in-plane  field  of  30  Oe  is  four  times  larger  than  that  without  the  in-plane  field. 
The  mobility  increases  with  temperature,  by  a  factor  of  5  without  the  in-plane  field  and  by  a  factor 
of  2  with  the  field.  The  coercivity  was  found  to  decrease  from  1.3  Oe  at  -10°C  to  0.14  Oe  at 
+60°. 


4.7  Interaction  of  Bubbles  with  Permalloy  Overlay 

The  permalloy  overlay  is  a  clever  means  of  converting  a  universal  planar  rotating  field  into  normal 

field  gradients  shifting  from  location  to  location.  Its  many  useful  functions  (propagation,  genera- 
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tion,  annihilation,  splitting,  etc.)  and  a  variety  of  planar  patterns  have  been  described  in  Sec.  2.4. 
In  this  section,  our  present  understanding  of  the  interation  between  bubbles  and  permalloy 
patterns  as  well  as  the  theoretical  and  experimental  means  for  overlay  designs  will  be  presented. 

The  behavior  of  magnetic  domains  in  uniaxial  films  as  a  function  of  uniform  normal  bias  field  has 
been  described  in  detail  by  Thiele  [69T]  (Sec.  4.3).  The  presence  of  a  permalloy  pattern  provides 

i, 

flux  closure  for  the  domains,  and  therefore  should  attract  bubbles  to  its  boundary.  As  a  planar 
field  is  applied  to  orient  the  magnetization  in  a  permalloy  pattern,  magnetic  charges  will  be  induced 
at  its  physical  boundary  or  where  magnetization  or  coercivity  changes.  These  magnetic  charges 
produce  the  magnetic  field  gradient  to  propagate  bubbles. 

The  typical  permalloy  patterns  currently  in  use  are  T-bar  and  Y-bar  suitable  for  106  bits/in2 
storage  density.  The  bubbles  are  6  /un  in  diameter  in  a  6  /mi  thick  garnet  film.  The  permalloy  bar 
is  3  jitm  wide,  12  /mi  long  and  0.3  /mi  thick,  at  0.6  /mi  separation  from  the  garnet  film.  Roughly 
speaking,  if  d  =  bubble  diameter,  then  film  thickness  =  d,  permalloy  width  =  d/2,  and  separation 
=  0.05  to  0.1  d. 

The  field  distribution  around  a  miniaturized  permalloy  pattern  can  be  deduced  from  a  more 
convenient  measurement  around  a  scaled-up  pattern  cut  out  of  a  thick  magnetic  (again  permalloy) 
sheet  (see  Hsin  et  al.  [72HMV).  In  fact,  a  scaled-up  bubble  can  be  added  to  study  the  bubble- 
overlay  interactions  (Hsin  et  al.  [73HMC]).  As  Lin  [72L]  has  reported,  the  Bitter  picture  on 
permalloy  pattern  exhibits  closure  domains,  a  consequence  of  the  balance  of  magnetostatic  energy 
and  exchange  energy.  The  latter  is  not  amenable  to  scale-up,  and  thus  could  invalidate  the 
scale-up  measurement.  The  magnetic  behavior  of  an  individual  miniaturized  permalloy  pattern  is 
difficult  to  measure,  but  a  large  number  of  the  patterns  yield  the  M-H  characteristics  readily,  as 
reported  by  Doyle  and  Casey  [73DC]. 

To  obtain  data  directly  on  the  interaction  of  permalloy  overlay  bias  field  curve  with  and  without 
permalloy,  and  with  and  without  planar  drive  field,  Chen  and  Nelson  [72CN]  investigated 
experimentally  and  theoretically  the  influence  of  the  spacing  between  overlay  and  storage  film  on 
operating  margins  (in  the  Hbias-Hplanar  coordinates),  and  reported  that  a  10  percent  deviation  in 
spacing  will  degrade  the  operating  field  margin  by  12  percent  in  the  typical  106  bit/in2  devices. 
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The  various  physical  models  have  included  magnetostatic  field,  applied  field,  and  even  anisotropy 
field,  but  not  exchange  field.  The  methods  of  calculation  include  iteration  techniques  to  solve  the 
integral  equations  for  M(x)  by  Copeland  [72C],  conversion  of  the  integral  equations  to  a  linear 
system  of  equations  for  solution  by  Archer  et  al.  [72ATGC],  finite  difference  method  (successive 
extrapolated  relaxation)  to  improve  convergence  rate  by  Della  Torre  and  Kinsner  [73DK]  and 
[73KD],  and  a  one-pass  Fourier-series  method  by  Lin  [72L]. 

Goldstein  and  Copeland  [71GC]  calculated  the  forces  between  bubbles  and  various  permalloy 
shapes  (squares,  circles,  etc.),  the  mutual  repulsive  forces  between  bubbles,  the  effects  of  de¬ 
magnetizing  fields,  and  obtained  design  data  for  lateral-displacement-coded  devices.  In  their  later 
work  [73GC],  they  reported  computer  simulation  of  bubble  propagation  in  conductor-groove 
circuits,  and  obtained  practical  information  such  as  geometries  for  turning  corners,  operating 
margins,  and  maximum  propagation  frequency. 

Archer  et  al.  [72ATGC]  reported  the  design  of  new  components  such  as  multiple-bar  keyhole 
generator  and  a  chevron  stretcher-detector  in  which  bubble  stretching  occurs  orthogonal  to  the 
bubble  motion.  George  and  Archer  [73GA]  described  the  bubble  size  fluctuation  during  its 
propagation  along  a  permalloy  structure,  resulting  in  reduction  of  operating  field  margin.  They 
also  employed  a  bubble  as  a  probe  to  measure  Hz  at  equilibrium  positions  in  devices  [73GA],  and 
achieved  reasonable  agreement  with  the  two-dimensional  calculations  for  the  magnetostatic  well 
depths.  The  same  model  has  also  been  applied  by  Chen  et  al.  [73CGTA]  to  analyze  and  optimize 
chevron  detector  geometries  under  simulated  operation  conditions.  Singh  [73S]  extended  the 
model  by  Archer  et  al.  [72ATGC]  to  include  rotating  drive  fields.  Existing  permalloy  patterns 
were  analyzed  and  possible  improvement  to  achieve  uniform  bubble  velocity  profile  suggested. 

4.8  Responses  to  Heat  and  Stress 

Thiele  et  al.  [71TBDG]  have  derived  the  energy  and  general  translation  force  of  cylindrical 

magnetic  domains.  In  most  device  applications,  bubbles  are  propagated  by  gradients  in  the  applied 

field.  However,  bubbles  may  also  be  propagated  by  gradients  in  the  film  thickness,  the  saturation 

magnetization,  and  the  wall  energy  density.  The  gradients  in  wall  energy  and  magnetization  may 

be  produced  by  composition  gradients,  strain  gradients  or  temperature  gradients.  Composition  or 
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thickness  gradients  may  be  used  to  provide  forces  which  are  functions  of  position  only,  while 
temperature  or  strain  gradient  may  be  used  to  provide  time  variable  forces. 

Their  analysis  shows  that  the  thickness  gradient  and  magnetization  gradient  move  domains  in  the 
direction  of  the  gradient,  while  the  field  gradient  and  wall-energy  gradient  move  domains  in  the 
direction  opposite  to  the  gradient.  Experimentally,  it  has  been  observed  that  in  tapered  orthofer¬ 
rite  plates,  the  domains  move  towards  the  thicker  end.  In  (Gd2  3Tb0  7)Fe5012,  which  has  a 
magnetization  temperature  gradient  of  3  percent/ °C  but  constant  wall  energy,  the  magnetization 
gradient  force  dominates  and  moves  bubbles  towards  the  heated  region.  In  (Sm0  55Tb0  45)Fe03, 
which  has  a  wall  energy  temperature  gradient  of  1.5  percent/ °C  but  constant  magnetization,  the 
wall-energy  gradient  force  dominates,  and  moves  domains  towards  cooler  regions. 

4.9  Uniaxial  Anisotropy  in  Garnets 

The  discovery  of  growth-induced  uniaxial  anisotropy  in  flux-grown  rare-earth  garnets  (as  reported 
by  Bobeck  et  al.  [70BSVABGSSW]),  was  a  pleasant  surprise  to  bubble-technology  workers  in 
search  of  high  storage-density  materials.  The  discovery  was  quickly  followed  by  the  success  of 
growing  thin  garnet  films  by  chemical  vapor  deposition  (Mee  et  al.  [70MBHP]  and  by  liquid  phase 
epitaxy  (Shick  et  al.  [71SNBKMR]).  Today,  LPE  garnet  films  have  gained  ascendency  over  other 
single-crystal  materials  for  bubble  devices.  The  pertinent  literature  on  substrate  crystal  and 
epitaxial  film  preparation  is  surveyed  in  Sec.  5.5.  This  section  examines  our  understanding  of  the 
unexpected  uniaxial  anistropy  in  cubic  garnet  crystals. 

The  uniaxial  anisotropy  observed  in  bulk  garnet  crystals  is  associated  with  special  facets  and  cuts 
(Bobeck  et  al.  [70BSVABGSSW]).  In  (Eu2Er1)(Fe4  4Ga0  6)012,  the  platelets  are  cut  from  under 
{211}  facets  with  easy  axis  either  close  to  the  <  1 1 1  >  direction  nearest  to  the  normal  to  the  {211} 
plane  (type  1  cut)  or  close  to  the  <11 1>  direction  prallel  to  {211}  plane  (type  2  cut).  LeCraw  et 
al.  [71LWBPV]  have  further  reported  that  under  {110}  facets  of  certain  mixed  garnets,  (Tn^Tbj) 
(Fe44Ga0  6)O12  and  (Eu2Er1)(Fe44Ga0  6)O12,  when  cut  normal  to  the  natural  {110}  facets,  also 
exhibit  uniaxial  anisotropy. 

According  to  Rosencwaig  and  Tabor  [71RT],  the  growth-induced  anisotropy  is  attributed  to 
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short-range  pair  ordering  between  ions  of  the  rare-earth  sublattice  and  ions  of  the  iron  sublattices. 
The  pair  ordering  occurs  during  crystallization  as  a  result  of  preferential  cation  pair-bond  direc¬ 
tions  with  respect  to  the  crystal  growth  facet.  It  is  estimated  that  a  less  than  1  percent  preferential 
ordering  may  well  account  for  the  observed  non-cubic  anisotropy.  Rosencwaig  and  Tabor  [72RT] 
propose  a  two-parameter  phenomenological  model  which  are  defined  in  terms  of  site  preferences 
dependent  on  the  relative  sizes  of  the  rare  earth  ions,  and  in  terms  of  magnetic  interactions 
involving  the  anisotropic  exchange  fields  acting  on  the  ions.  The  theory  agrees  reasonably  with 
torque  measurements  on  several  bulk  garnet  systems,  and  is  extended  with  reasonable  success  to 
epitaxial  garnet  films. 

Pierce  [72P]  has  shown  that  epitaxial  garnet  films  of  cubic  materials  provide  adequate  growth  or 
stress-induced  anisotropies  only  for  {100},  {111},  and  {110} orientations.  He  also  derived  the 
ranges  of  anisotropy,  magnetization,  and  stress  parameters  which  give  the  proper  easy  axis 
orientation,  as  well  as  suitable  orientations  for  slices  cut  from  bulk  crystals. 

A  range  of  measurements  have  been  performed  to  ascertain  and  explain  the  non-cubic  growth- 
induced  anisotropy.  By  ferromagnetic  resonance  techniques,  LeCraw  and  Pierce  [72LP]  have 
measured  the  growth-induced  uniaxial  magnetic  anisotropy  as  a  function  of  temperature  from  98° 
to  370°K  (Curie  temperature)  in  LPE  garnet  films  of  composition  (Er2Eu1)(Fe3  6Ga0  7  Al0  7)O12  on 
{111}  Gd3Ga5012  substrates.  Ku  was  found  to  vary  as  (Tc-T)115  from  98°K  to  350°K.  At  300°K, 
Ku  is  1.33  x  104  ergs/cm3.  Attempts  can  now  be  made  to  correlate  quantitatively  KU(T)  with 
theoretical  studies.  The  temperature  dependence  of  2KU/M,  477-M,  g-factor,  and  Kx  (including 
small  strain  terms)  have  also  been  measured.  An  interesting  new  feature  of  the  uniaxial  field, 
2KU/M,  is  a  reversal  in  slope  with  a  maximum  at  185°K.  This  indicates  that  below  185°K,  M 
increases  faster  than  Ku.  This  does  not  occur  at  any  T  >  20°K  for  the  cubic  term,  Kt/M,  of  any 
known  mixed  or  single  rare-earth  iron  garnet. 

Wolfe  et  al  [71WSMV]  have  performed  an  interesting  ESR  experiment  on  bulk  crystals  of  YAG 
doped  with  either  Nd  or  Yb.  These  experiments  have  clearly  demonstrated  the  existence  of 
facet-dependent  site  perferences  for  the  Nd3+  and  Yb3+  ions  in  YAG. 

Dillon  et  al.  [72DGR]  have  observed  optical  birefringence  in  (Gd2  34Tb0  66)Fe5012  below  a  (112) 

growth  facet,  which  again  demonstrates  the  non-cubicity  of  the  material,  although  precision  x-ray 
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determinations  of  lattice  constant  cannot  unambiguously  resolve  any  deviation  from  cubicity. 
Birefringence  studies  also  reveal  strain  distributions  attributable  to  singularities  in  the  growth 
history.  The  anisotropy  and  the  birefringence  both  fall  off  monotonically  with  increasing  distance 
from  the  growth  face.  They  both  disappear  on  high  temperature  anneal  (02,  1200°C,  16  hours). 
The  birefringence  study  makes  possible  a  detailed  comparison  of  the  morphology  of  the  crystal 
with  its  growth  history.  Further  careful  measurements  of  the  anisotropy  energy  vs.  crystal 
direction  in  (Gd2  34  Tb0  66)Fe5012  bulk  crystal  have  been  analyzed  and  related  to  growth  anisotropy 
models  by  Dillon  et  al.  [73DBG]. 

The  pair-ordering  model,  although  successful  in  explaining  the  induced  anisotropy  in 
(Tb,Tm)3(Fe,Ga)5  012  and  (Eu,Er)3(Fe,Ga)5012,  does  not  account  for  all  observed  anisotropies  in 
films  and  crystals.  Giess  et  al.  [72GACKMOPS]  have  grown  LPE  (EuRY3_R)(Fe5_xGax)  012 
(typically  R  =  0.5,  x  =  1)  film  on  Gd3Ga5012  substrate.  At  room  temperature,  47tM  =  1170  - 
120R  -  790x.  The  induced  uniaxial  anisotropy  appears  to  result  from  compressive  stress  caused  by 
lattice  constant  mismatch  between  film  and  substrate,  Ku^  -A/2  Aa  •  1012.  The  substrate  has  a 
lattice  constant  as  =  12.384A.  The  film  as  grown  from  PbO  -  B203  fluxed  melts  has  aQ  =  12.376  + 
0.041R  -  0.015x  +  0.013p,  where  p  =  wt  percent  Pb  incorporated  into  the  films.  The  Ku  ranges 
from  9,000  to  15,000  ergs/cm3  for  films  with  8  to  5  /mi  bubble  diameter.  According  to  Klokholm 
et  al.  [72KMMA],  fractures  in  epitaxial  films  can  be  prevented  if  the  length  of  a  Griffith  crack  can 
be  made  larger  than  the  film  thickness.  The  substitution  of  Eu  or  Gd  for  Y  partially  enables  the 
modification  of  the  lattice  parameter  of  (Eu,Y)3(Fe,Ga)5012  and  the  realization  of  the  above 
condition. 

Stacy  and  Tolksdorf  [72ST]  have  reported  that  single  crystals  of  YIG  contain  growth-induced 
anisotropy,  although  there  is  no  pair-ordering  of  different  rare-earth  ions.  The  anisotropy  can  be 
removed  by  annealing  in  a  N2  atmosphere  at  about  1200°C. 
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Materials 


5.1  Introduction 

High-density  high-speed  bubble  devices  require  uniaxial  magnetic  thin  films  with  large  mobility. 
At  present,  the  best  materials  available  are  single-crystal  garnet  films  grown  by  liquid-phase 
epitaxy.  For  example,  as  reported  extensively  in  the  literature,  5  /x  thick  garnet  films  on  (111) 
Gd3Ga5012  substrates  support  5  ji  diameter  bubbles  (i.e.,  106  bit/in2  density),  and  permit  data  rate 
on  the  order  of  105  bits/sec.  The  permalloy  overlay  structure  must  match  the  bubble  density.  At 
present,  electroplating  (or  electrolessly  plating)  through  photoresist  mask  yields  high  density 
permalloy  patterns  (106  to  107  bits/in2  at  3  to  1  jum  line  width)  with  very  good  line  definitions. 
Even  narrower  lines  and  higher  density  are  achievable  with  electron-beam  lithography. 

The  first  epitaxial  garnet  films  useful  for  bubble  devices  were  prepared  by  chemical  vapor 
deposition  as  reported  by  Mee  et  al.  [70MBHP]  of  Autonetics.  Currently,  many  industrial 
laboratories  (Rockwell  International,  Hitachi,  Hewlett  Packard,  IBM,  etc.),  following  the  lead  of 
Bell  Labs,  are  using  liquid  phase  epitaxy  (Shick  et  al  [71SNBKMR],  and  Levinstein  et  al. 
[7 1LLLB])  to  prepare  high-quality  garnet  films. 

There  are  several  noteworthy  new  developments.  Hewlett-Packard  Lab  is  using  Ba0-B203-BaF2 
solvent  (Hiskes  et  al.  [72HFB]),  instead  of  the  standard  PbO  -  B203  solvent,  and  claims  several 
manufacturing  advantages  (low  volatility  and  reactivity  with  the  platinum  crucible,  phase  stability, 
and  temperature  insensitivity  of  the  distribution  coefficients  of  the  cations).  Siegel*  from  Tyco 


*  Reported  at  Bubble  Memory  Technology  Review,  sponsored  by  the  Office  of  the  Director  of 
Defense  Research  and  Engineering,  Dept,  of  Defense,  held  at  the  Naval  Research  Lab.,  Washing¬ 
ton,  D.  C.,  9/27-28/72. 

Note:  Underlined  references  are  included  in  the  reprint  sections  of  this  volume. 
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Lab.,  Inc.  has  explored  the  possibility  of  growing  GGG  substrates  in  ribbon  form  by  the  edge- 
defined  film-fed  growth  process.  The  process,  if  successful,  could  eliminate  the  slicing  process  as 

well  as  increase  the  growth  rate.  Small  bubbles  (0.8  /mi  diameter,  108  bits/in2)  have  been  reported 
by  Ghez  and  Giess  [73GG]  and  Plaskett  et  al.  [73PKHO],  using  high-magnetization 
(Eu,Y)3Fe5012  films  and  narrow-linewidth  permalloy  patterns  prepared  by  electron-beam 
lithography.  Wolfe  et  al.  [73WNJSYF]  have  reported  ion-implanted  patterns,  instead  of  permalloy 
patterns,  for  magnetic  bubble  propagation.  Departing  dramatically  from  the  single-crystal 
approach,  Chaudhari  et  al.  [73CCG]  report  that  sputtered  amorphous  films  of  Gd-Co  and  Gd-Fe 
exhibit  perpendicular  anisotropy  and  sustain  mobile  bubbles. 

The  sections  in  this  Chapter  will  deal  with  the  following  topics: 

5.2  Device  parameters  are  related  to  the  materials  parameters.  Existing  materials  are  shown  on 
a  materials  parameter/ device  performance  map. 

5.3  Approaches  for  bubble  domain  materials  and  their  fabrication  are  surveyed  in  a  brief 
historical  account. 

5.4  The  wide  range  of  magnetic  properties  of  various  garnets  are  surveyed.  The  tailoring  of 
garnet  composition  to  achieve  desired  device  properties  is  described. 

5.5  The  methods  for  growing  non-magnetic  single-crystal  substrates,  perparing  wafers,  and 
growing  magnetic  single-crystal  epitaxial  films  in  the  garnet  system  are  summarized. 

5.6  The  configurations  and  fabrication  methods  for  permalloy  overlays  are  summarized. 

5.7  Margins,  reproducibility,  yield,  and  reliability  are  considered  in  the  light  of  defects, 
uniformity,  temperature  sensitivity,  hard  bubbles,  overlay  imperfection,  and  radiation 
effects. 

5.8  Methods  of  measuring  a  range  of  magnetic  parameters  are  tabulated. 

5.2  Materials  Requirements  for  Shift  Register  Devices 

The  successful  design  of  shift  register  devices  depends  on  the  availability  of  a  material  capable  of 
high  density  storage  and  fast  reliable  domain  motion.  The  materials  requirements  are: 

(1)  Uniaxial  anisotropy  with  easy  axis  perpendicular  to  the  film  to  sustain  serpentine  and 
bubble  domains. 
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(2)  The  domains  must  be  sufficiently  small.  To  say  the  least,  6  /mi  diameter  is  needed  to  give  a 
storage  density  of  106  bits/in2. 

(3)  The  domains  must  be  mobile.  For  6  /xm  diameter  bubbles,  a  mobility  of  200  cm/sec/Oe  is 
needed  to  yield  0.1  MHz  data  rate. 

(4)  The  storage  medium  must  be  free  of  hard  bubbles  and  dynamic-conversion  effects,  through 
the  use  of  proper  preventive  means. 

(5)  Optical  transparency  or  reflectivity  facilitates  magneto-optical  measurements  which  are 
essential  for  device  understanding,  defect  analysis,  and  preassembly  testing. 

(6)  The  magnetic  properties  must  be  temperature  insensitive  over  a  given  temperature  range. 

(7)  The  material  must  be  nearly  defect-free  to  allow  stable  bubble  array  to  exist  and  easy 
propagation  of  domains. 

(8)  For  space  applications,  the  materials  must  be  radiation  resistant. 

A  set  of  quantitative  specifications  for  a  0.1  MHz  data  rate  106  bit/in2  density  field-access  devices 
are  given  by  Bobeck  et  al.  [72BSF],  Table  I).  An  analysis  by  Thiele  [69T,  7 IT]  of  the  static 
stability  of  bubble  domains  (see  Section  4.3)  has  related  quantitatively  the  stable  domain  size, 
stable  bias  field,  etc.,  with  materials  and  geometrical  parameters.  The  results  are  summarized 
below  (after  Gianola  et  al.  [69GSTV])  to  provide  the  framework  for  device  design  as  well  as  the 
study  of  physical  properties  of  bubble  domain  materials.. 

To  prevent  self-demagnetization  and  spurious  creation  of  bubble  domains,  the  nucleation  field 
(which  happens  to  be  the  anisotropy  field  in  an  ideal  crystal),  should  be  larger  than  the  demagne¬ 
tizing  field: 


Hk>4^Ms  (5.2.1) 

The  stable  bubble  domain  size  can  be  conveniently  measured  in  units  of  a  minimum  domain 
dimension,  termed  characteristic  length: 

/  =  aw/ 4ttMs2  (5.2.2) 

where  aw  is  the  180°  wall  energy  (<jw  =  4>Aku  for  uniaxial  anisotropy)  and  Ms  is  the  saturation 

magnetization.  The  physical  meaning  of  the  characteristic  length  is  that  domain  walls  could  not  be 

brought  closer  than  /  since  the  increase  in  energy  due  to  more  walls  would  exceed  the  maximum 

decrease  in  magnetostatic  energy,  which  is  the  complete  elimination  of  demagnetization  energy. 
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Hence  (7w=(4ttMs2)/.  The  median  value  of  stable  bubble  diameter  is  found  to  be: 


d=8/=2awAMs2  (5.2.3) 

To  provide  the  widest  field  range  for  stable  bubble  to  exist,  the  optimum  plate  thickness  is  4/.  The 
equation  clearly  indicates  that  increased  magnetization  will  decrease  the  bubble  diameter  and 
hence  increase  device  density.  The  substitution  of  Eq.  (5.2.1)  (2K/Ms=Hk=Q*4?7Ms,  Q>1; 
hence  4ttMs2=2K/Q)  into  Eq.  (5.2.3)  yields  d=16Q(A/K)1/2  which  indicates  the  dependence  of  d 
on  K,  as  K  is  increased  with  M  to  maintain  bubble  stability. 

It  may  appear  that  smaller  devices  should  also  be  faster  since  propagation  delay  is  inversely 
proportional  to  propagation  distance.  However,  the  propagation  volocity  is  found  to  decrease  in 
materials  supporting  smaller  bubbles  in  such  a  way  as  to  result  in  realtively  constant  delay  per  bit. 
This  can  be  understood  by  examining  the  dimensional  dependence  of  mobility: 


1^=  111  (A/K)1 /2  =  111 

a  4a  K 

Substituting  Eq.  (5.2.3)  into  Eq.  (5.2.4),  we  obtain: 

I  7  I  d  47rMs 


(5.2.4) 


(5.2.5) 


Since  4?rMs/Hk  must  be  maintained  at  a  constant  ratio  (less  than  1)  to  prevent  self  demagnetiza¬ 
tion,  fiw  is  directly  proportional  to  d.  The  propagation  delay  per  step  of  bubble  motion  is  given  by 
distance/ velocity,  which  is  proporational  to  d/fiw  which  is  a  constant  according  to  Eq.  (5.2.5). 


Several  classes  of  materials,  which  include  garnets,  orthoferrites,  magnetoplumbites,  MnBi,  Co, 
GdCo,  GdFe,  etc.,  are  examined  to  see  if  they  can  support  useful  bubble  domains.  The  results  are 
summarized  in  Figure  5.2.1  which  relates  device  performance  (stable  domain  size,  stability,  and 
speed)  with  materials  parameters  (47tMs,  K,  and  A). 


5.3  Bulk  Crystals,  Expitaxial  Films,  and  Amorphous  Films 


The  search  for  suitable  bubble  domain  materials  and  economical  preparation  techniques  started  in 
earnest  in  1969.  The  general  approaches  have  been  described  and  explained  in  several  review 

papers  by  Nielsen  [7 IN],  Van  Uitert  et  al.  [71VGBGHZ],  and  Varnerin  [71V],  [72V].  The 
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A  B 

Fig.  5.2.1  Gianola’s  materials  chart  (a)  Bubble  materials  must  be  stable— demagnetizing 
field  (47tMs)  smaller  than  nucleation  field  (Hk);  sustaining  small  bubbles— low  K  (or  Hk) 
and  high  Ms;  and  fast— Hk  greater  but  not  much  greater  than  47rMs,  and  low  damping 
(a).(b)  Status  of  available  materials.  Several  classes  of  bubble  materials  are  shown: 
bulk-crystal  orthpferrites,  garnets,  and  hexaferrites;  epitaxial  garnet  films,  and  amor¬ 
phous  GdCo  and  GdFe  films. 


materials  under  e  xamination  in  early  days  included: 


Hexagonal  ferrites  MFe12019 
FeF3,  FeB03,  Spinels  MFe204 
Orthoferrites  (RE  or  Y)  Fe03 

and 


Garnets  (RE  or  Y)3  Fe5012 


where 


RE  =  Ce,  Pr,  Nd,  Pm,  Sm,  Eu,  Gd,  Tb,  Dy,  Ho,  Er,  Tm,  Yb,  Lu 


with  their  atomic  no. 


=*  58,  59,  60,  61,  62,  63,  64,  65,  66,  67,  68,  69,  70,  71. 


Only  very  low  domain  mobilities  have  been  observed  in  single  crystal  hexaferrites,  thus  ruling  out 
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their  application  (Van  Uitert  et  al.  [70VSBPZ]).  Besides,  large  single  crystals  were  not  available. 
Spinels  did  not  receive  much  attention  because  they  are  mostly  cubic  rather  than  uniaxial. 

All  the  rare  earths,  plus  yttrium,  form  15  single  RE  orthoferrites.  Moreover,  there  are  an  infinite 
number  of  combinations  of  multiple  RE  orthoferrites.  However,  small  bubbles  have  not  been 

achieved  due  to  difficulty  in  adjusting  either  M  or  K.  The  magnetization  of  an  orthoferrite  results 

\ 

from  the  angle  formed  between  two  sublattices  having  large  but  nearly  opposing  moments.  The 
magnetization  is  difficult  to  adjust  since  the  two  sublattices  are  so  nearly  alike  energetically  that 
substitution  ions  enter  each  about  equally.  The  anisotropy  can  be  varied  since  many  orthoferrites 
undergo  a  transition  in  which  the  easy  axis  shifts  from  the  a  to  c  axis  as  the  temperature  is  varied. 
It  is  desirable  to  effect  the  transition  and  reduce  the  anisotropy  near  the  room  temperature. 
(Sm06Er04)FeO3  (a  solid  solution)  has  low  anistropy  at  room  temperature  to  yield  1.0  mil 
diameter  bubble.  Very  small  quantities  of  Co  (0.06  percent)  in  YFe03  also  creates  an  above  R.T. 
transition  and  small  bubbles.  Unfortunately,  near  R.T.  transition  makes  bubble  properties 
temperature  sensitive.  Besides,  the  Co  doping  results  in  low  mobility. 

Since  the  discovery  of  growth-induced  uniaxial  magnetic  anisotropy  in  rare  earth  iron  garnets  in 
1970  (Bobeck  et  al.  [70BSVABGSSW] ,  and  the  demonstration  of  epitaxial  garnet 
films  by  Mee  et  al.  [70MBHP],  and  Shick  et  al.  [71SNBKMR]),  the  garnet  system  has  come  into 
popular  use  for  bubble  devices. 

The  suitability  of  the  garnet  system  for  epitaxy  is  based  on  the  following  properties  (Varnerin 
[71V]): 

(1)  Garnets  are  cubic.  However,  crystallographically  speaking,  only  minute  departure  from 
cubicity  is  adequate  to  give  rise  to  uniaxial  anisotropy.  (See  Sec.  4.9). 

(2)  Ease  of  substitution  (see  Fig.  5.3.1).  In  the  basic  garnet  formula  A3B5012  as  exemplified 

by  YIG  —  {Y3}  [Fe2](Fe3)012,  the  site  preferences  are  well  understood  scientifically  (Geller 
et  al.  [64GWES],  and  Geller  [67G]*),  and  subsitutions  are  well  ordered  and  easily  con- 


*  Geller  [67G]  is  a  comprehensive  review  article  on  the  crystal  chemistry  of  the  garnets.  A  survey 
has  been  made  of  all  the  cations  which  enter  the  garnet  structure  and  their  site  preferences  are 
given.  The  ionic  site  preference  in  the  garnets  is  discussed;  it  appears  that  relative  ionic  size  is  of 
primary  importance,  but  for  certain  ions  like  Cr3+  and  Mn3+,  the  electronic  configuration  also  plays 
an  important  role.  Co2+  ions  prefer  the  octahedral  sites  to  the  tetrahedral,  and  Co3+  ions  are 
observed  to  occupy  tetrahedral  and  octahedral  sites.  Geller  has  also  reviewed  various  techniques 
for  determining  the  distribution  of  ions  in  the  system  Y3(Fe5  xGax)012. 
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trolled.  The  dodecahedral  site  {Y3}  accepts  most  of  the  rare  earths  singly  or  in  combina¬ 
tion.  The  octahedral  [Fe2]  and  tetrahedral  (Fe3)sites  accept  iron,  gallium,  and  aluminum 
with  the  latter  two  showing  a  preference  for  the  tetrahedral  sites.  (See  Fig.  5.3. 1.) 


Fig.  5.3.1  Garnet  structure.  Coordination  about  an  oxygen  ion  in  grossularite.  In  YIG 
|  Y3|[Fe2]  (Fe3)  012,  the  dodecahedral  site  |  Y3  J-  accepts  most  of  the  rare  earths 
singly  or  in  combination.  The  octahedral  [Fe2]  and  tetrahedral  (Fe3)  sites  accept  Fe, 
Ga,  and  A1  with  the  latter  two  showing  a  preference  for  the  tetrahedral  sites  (after 
Geller  [67G] ,  Fig.  1). 


(3)  Wide  range  of  magnetic  properties  possible.  (See  Sec.  5.4).  Multiple  rare  earths  make 
possible  growth-induced  uniaxial  anisotropy.  A  range  of  magnetic  compensation  tempera¬ 
ture  is  available  through  choice  of  rare  earths  and  makes  possible  temperature  insensitive 
compositions.  Gallium  and  aluminum  substitutions  permit  magnetization  adjustment. 

(4)  High  degree  of  chemical  structural  compatibility.  (See  Sec.  5.5).  Although  (RE)3(Fe,  A1 
or  Ga)5012,  suitable  for  bubble  devices,  when  dissolved  in  a  PbO  -  B203  solvent  is  a  seven 
component  system,  chemically  it  can  be  considered  pseudoternary:  Flux  -  2Ln203  - 
2Fe203,  Ga203.  Structurally  speaking,  the  non-magnetic  (RE)3Ga5012  (RE=Y,  Dy,  Gd, 
Sm,  or  Nd,  and  Dy-Gd,  Gd-Sm,  Sm-Nd)  provides  substrate  lattice  constant  varying 
continuously  from  12. 3A  to  12. 5A  to  accommodate  a  wide  range  of  magnetic  garnet  films 
for  epitaxial  growth.  (See  Fig.  5.3.2.) 
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SUBSTRATE  COMPOSITION 


Fig.  5.3.2  Single  and  mixed  rare-earth  (RE  GG)  gallium  offer  a  range  of  lattice  parameter 
which  covers  the  complete  range  suitable  for  growing  iron  garnet  films  of  current 
interest.  The  RE  GG  are  nonmagnetic  and  suitable  for  use  as  substrates  to  grow  epitaxial 
magnetic  garnet  films.  Some  magnetic  compositions  for  which  successful  epitaxy  has 
been  achieved  are  also  indicated  (after  Varnerin  [71V] ,  Fig.  2.) 


The  most  successful  technique  for  preparing  large-area  epitaxial  films  for  bubble-domain  devices  is 
by  dipping  in  supersaturated  solutions.  This  technique  provides  nearly  defect-free  films  in  a 
minimum  time.  For  adjusting  the  composition  of  multicomponent  garnet  materials  for  bubble 
devices,  LPE  dipping  has  provided  a  very  expedient  simple  technique. 

Although  garnet  epitaxial  films  have  provided  small  bubbles  (0.4  to  0.8ju.  diameter),  and  large  areas 
(wafer  diameter  larger  than  1"),  there  are  two  basic  limitatations:  the  difficulty  to  increase 
anisotropy  to  reduce  bubble  diameter  further;  and  the  complexity  in  preparing  substrate  single 
crystal,  processing  larger  and  larger  wafers,  and  depositing  thinner  and  thinner  epitaxial  films. 
Recently,  Chaudhari  et  al.  [73CCG]  have  prepared  magnetically-ordered  amorphous  films  of 
Gd-Co  and  Gd-Fe  alloys  on  glass  substrates  by  sputtering.  Bubble  domains  have  been  propagated 
in  a  100-bit  shift  register.  Bubbles  considerably  smaller  than  1  /mi  have  been  observed.  The  paper 
summarizes  some  results  on  the  method  of  fabrication,  film  structure,  compositions,  and  magnetic 
properties  such  as  saturation  magnetization,  coercivity,  and  anisotropy.  In  a  separate  paper,  the 
authors  [73CCG]  further  demonstrate  that  the  perpendicular  anisotropy,  compensation  points  in 
the  vicinity  of  room  temperature,  and  the  absence  of  grain  noise  in  amorphous  films  are  useful  for 
magneto-optic  applications. 
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In  a  review  paper  by  Gambino  [73G],  the  structure  of  amorphous  magnetic  materials,  methods  of 
fabrication,  and  magnetic  properties  are  described.  Particular  emphasis  is  placed  on  the 
amorphous  rare-earth  transition-metal  alloys.  The  occurance  of  growth-induced  magnetic 
anisotropy  in  deposited  thin  films  of  amorphous  alloys  as  well  as  the  sources  of  coercivity  are 
discussed.  Tao  et  al.  [73TGKCL]  have  measured  the  magnetization  of  amorphous  Gd1_xCox  films, 
where  0.54<x<0.95,  from  4.2  to  600°K,  and  up  to  19  kOe.  The  general  behavior  indicates 
antiferromagnetic  coupling  of  Gd  and  Co  moments,  as  was  found  in  crystalline  compounds. 
However,  in  contrast  to  the  behavior  in  crystalline  compounds,  the  Curie  temperatures  are  higher 
(at  least  for  0.67<x<0.78),  and  the  magnetic  moment  per  Co  atom  is  larger.  These  results  can  be 
qualitatively  explained  by  the  influence  of  structural  disorder  on  the  magnetic  properties  of  Co 
atoms  in  terms  of  charge  transfer. 

Cargill  [73 C]  has  made  X-ray  scattering  measurements  on  an  sputtered  amorphous  GdFe2  alloy, 
and  found  a  short-range  order  significantly  different  from  that  of  its  crystalline  Laves  phase 
structure.  He  proposed  that  binary  dense  random  packing  of  hard  spheres  is  a  better  structural 
model. 

Prior  to  the  discovery  that  amorphous  films  are  suitable  bubble  materials,  there  had  been  a  number 
of  scientific  reports  on  amorphous  magnetic  materials: 

The  first  observations  of  ferromagnetism  in  amorphous  alloys  appear  to  have  been  those  of 
Brenner  et  al.  [50BCW]  and  of  Fisher  and  Koopman  [64FK]  for  electrodeposited  and  chemically 
deposited  Co-P  alloys  respectively.  Mader  and  Nowick  [65MN]  demonstrated  that  metastable 
Co-Au  alloys,  when  co-evaporated  onto  a  cold  substrate,  are  amorphous  ferromagnets.  Strydem 
and  Alberts  [7QSA]  reported  on  the  magnetic  properties  of  GdCo  compounds  (antiferromagnetic, 
magnetostrictive).  Orehotsky  and  Schroder  [720S]  have  studied  the  magnetic  properties  of 
amorphous  Fe-Gd  alloy  thin  films.  The  films  were  co-deposited  onto  cold  (77  °K)  substrates,  and 
maintain  an  amorphous  structure  that  was  stable  to  room  temperature.  Livingston  and  McConnell 
[72LM]  have  measured  the  domain-wall  energy  in  Co-rare-earth  compounds,  thereby  deducing 
exchange  constant,  wall  thickness,  and  critical  single-domain  particle  sizes. 

Presented  at  an  amorphous  magnetism  symposium  in  1972(published  in  1973)  are  the  following 

papers:  Tsuei  [73T]  reviews  the  experimental  work  on  amorphous  metallic  alloys  prepared  by 
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liquid  quenching.  Cargill  and  Cochrane  [73CC]  report  structural  and  magnetic  properties  of 
electrodeposited  amorphous  Co-P  alloys.  The  study  has  employed  x-ray  diffraction,  physical 
density  measurements,  low-field  magnetization  measurements  at  several  temperatures  between  70° 
and  525  °K.  Rhyne  et  al  [73RPA]  have  used  neutron  diffraction  and  magnetization  measurements 
to  show  an  amorphous  spin  polarization  distribution  in  a  sputtered  Tb-Fe  compound. 


5.4  Tailoring  Garnet  Composition  for  Bubble  Devices 

As  discussed  in  Sec.  5.2,  the  storage  density,  data  rate,  stability  and  temperature  sensitivity  of 
bubble  devices  are  determined  by  magnetic  parameters,  A,  K,  Ms,  and  /zw.  With  the  exception  of 
the  exchange  constant,  the  above  parameters  can  be  adjusted  appreciably  by  tailoring  the  garnet 
composition.  The  exchange  constant  A  ranges  from  4  x  10~7  erg/cm  for  (RE)IG  (0.5 /x  diameter 
bubble)  to  2.7  x  10'7  erg/cm  for  Ga  or  Al  substituted  garnets  (5 fi  bubble).  In  amorphous  GdCo 
films,  A  is  about  1.5  x  10-6  erg/cm. 

The  garnets  are  nominally  cubic,  ferrimagnetic  compounds  having  the  space  group  Oh  (10)  -  Ia3d, 
and  eight  A3Fe5012  formula  units  per  unit  cell.  See  Fig.  5.3.1.  The  cell  accommodates  96  oxygens 
and  has  an  edge  12. 5A  in  length.  There  are  24  tetrahedral  (tet)  and  16  octahedral  (oct)  sites 
within  the  oxygen  array  that  accommodate  Fe  and  cations  of  comparable  size.  There  are  also  24 
dodecahedral  (B)  sites  that  accommodate  larger  cations  (e.g.,  Y,  La,  rare  earths,  Bi,  and  Ca  ions). 
The  magnetic  moments  of  the  cations  in  the  tet  sites  are  aligned,  and  those  in  the  oct  sites  are 
aligned  in  the  opposite  direction.  In  Y3Fe5012,  for  example,  3  Fe  ions  align  with  the  tet  field  and  2 
with  the  oct  field,  with  a  net  moment  of  one  Fe  ion  per  formula  unit. 

The  bubble  size  can  be  adjusted  by  varying  the  magnetization  in  several  ways:  by  adjusting 
compensation  point  using  different  rare-earth  elements  (Fig.  5.4.1a),  by  using  solid  solutions 
instead  of  one  rare  earth  (Fig.  5.4.1b),  and  by  substitution  of  nonmagnetic  ions  (Ga  or  Al)  into  tet 
sites  (Fig.  5.4.1c).  The  above  information  is  based  on  Nielsen  [7 IN],  which  is  the  earliest  review 
paper  on  the  properties  and  preparation  of  magnetic  materials  for  bubble  domains.  The  smallest 
bubbles  in  epitaxial  garnet  films  are  obtained  by  using  compositions  without  substitute  for  the  Fe 
content  of  the  garnets  (hence  high  magnetization);  for  example, 
(Sm075Y225)Fe5012,(Eu09Yb2  ^FegO^,  etc.,  (see  Giess  et  al.  [73GGKH]). 
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a  b 


c 


Fig.  5.4.1  Tailoring  garnet  composition  for  bubble  devices,  (a)  Stable  operating  temper¬ 
ature  range  can  be  extended  when  the  compensation  temperature  is  lowered  by  using 
rare  earth  element  with  higher  atomic  number,  but  the  magnetization  will  increase. 
(After  Nielsen  [7 IN],  Fig.  2).  (b)  Adjustment  of  magnetization  and  compensation 
temperature  by  Gdrsubstitution  for  Y  in  YIG,  (Gd3_xYx)  Fe5012.  (After  Nielsen 
[71N],  Fig.  3).  (c)  Adjustment  of  magnetization  by  Al-substitution  for  Fe  in  YIG, 
(Yj  5Gdj  5)  (Fe5.xAlx)012,  while  maintaining  compensation  temperature  relatively 
constant.  (After  Nielsen  [7 IN] ,  Fig.  4). 


Garnets  with  flat  magnetization  vs.  temperature  curves  near  room  temperature  can  be  prepared  by 
using  rare  earths  which  form  iron  garnets  with  compensation  points  in  the  4?rM  vs.  T  curves, 
(Bertaut  and  Panthenet  [55BP]).  See  Fig.  5.4.1.  The  compensation  points  arise  because  the  net 
magnetization  of  the  Fe  containing  sublattice  (tetrahedral  and  octahedral  sites)  opposes  the 
magnetization  of  the  RE  sublattice  (dodecahedral  sites).  Garnets  with  compensation  point  much 
below  RT  have  little  temperature  sensitivity. 

The  uniaxial  anisotropy  in  garnet  materials  is  still  only  understood  on  a  phenomenological  basis 


(Sec.  4.9).  However,  both  bulk  crystals  and  epitaxial  .films  have  been  grown,  which  exhibit 
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uniaxial  anisotropy.  Bobeck  et  al.  [7 1BSVABGSSSW]  have  discovered  that  in  non- 
magnetostrictive  flux-grown  garnets,  the  material  directly  beneath  the  natural  {211}  facets  is 
magnetically  uniaxial.  See  Fig.  5.4.2.  For  a  garnet  (AxB3  x)Fe5012,  if  the  lattice  constant  of  A  is 
larger  than  that  of  B,  and  if  the  magnetostriction  constant  of  A  (Am)  is  positive  and  that  of  B  is 
negative,  then  a  slice  perpendicular  to  the  <11 1>  axis  and  nearest  to  normal  to  the  {211}  facet 
will  yield  perpendicular  anisotropy  (type  1  cut,  see  Fig.  5.4.2).  If  the  lattice  constant  of  A  is  larger 
than  that  of  B,  and  the  magnetostriction  constant  of  A  is  negative,  and  that  of  B  is  positive,  then  a 
slice  perpendicular  to  the  unique  <11 1>  axis  contained  in  a  {211}  facet  exhibits  perpendicular 
anisotropy  (type  2  cut,  see  Fig.  5.4.2).  Van  Uitert  et  al.  [71VGBGHZ]  have  reported  that  Co3+ 
addition  to  low-moment  garnets  can  markedly  increase  Ku.  The  magnetic  properties  of  flux-grown 
uniaxial  garnets  are  reviewed  by  Bobeck  et  al.  [7 1BSSV  W  ] 


Fig.  5.4.2.  (a)  A  slice  is  made  perpendicular  to  the  <11 1)  axis  most  nearly  normal  to  a 

natural  [211]  facet  for  a  type-1  garnet.  In  the  example  illustrated,  the  above  condition 
is  met  simultaneously  for  three  [211]  facets,  (b)  A  slice  is  made  perpendicular  to  the 
(111)  axis  which  is  in  a  natural  [211]  facet  for  a  type-2  garnet  (after  Bobeck  et  al. 
[70  BSVA  BG  SSSW] ,  Fig.  2  ). 


The  mobility  (/x)  is  related  to  the  damping  parameter  (A)  by  /x=(y2/A)(A/277-q)1/2  (see  sec.  4.6). 
Vella-Coleiro  ([73V],  Table  I,  p.  430)  has  tabulated  X/y2  for  many  rare-earth  iron  garnets,  which 
is  helpful  in  selecting  desirable  garnet  compositions. 


5.5  Growth  of  Garnet  Substrates  and  Epitaxial  Films 

This  section  addresses  specifically  the  methods  of  preparing  epitaxial  garnet  films.  Some  compos¬ 
itions  in  popular  use  today  are: 
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(Ei^ErjHFe^Ga^O^  on  (111)  Gd3Ga5012 
Shick  et  al.  [7 1 SNBKMR]  (material) 

Bobeck  et  al.  [7 1BSF]  (devices) 

(Eu6Y2  4)(Fe4Gaj)012  on  (1 1 1)  Gd3Ga50)2 

Giess  et  al.  [71GACCKMP]  (material) 

Stein  [73S]  (reproducibility) 

Bosch  et  al.  [73BDR]  (memory  chip) 

(Sm4Y26)(Fe39Gaj  j)012  on  (111)  Gd3Ga5012 

Tolksdorf  et  al.  [72TBEHMW]  (material) 

Hewitt  et  al.  [73HPBK]  (reproducibility) 

Bonyhard  and  Geusic  [73BG]  (memory  chip) 

Shumate  et  al.  [73SP,  73SMP]  (lifetime  characterization) 

(Y,Lu,Ca)3(Ge,Si,Fe)5012  on  (111)  Gd3Ga5012 

Bonner  [73B]  (material) 

Geusic  et  al.  [73GSVV]  (devices). 

Single  crystals  of  many  of  the  rare-earth  gallium  garnets  (e.g.,  Gd3Ga5012,  Nd3Ga5012,  etc.,)  and 
their  solid  solutions  (Gd3GasO,2  -  Dy3Ga5012,  Sm3Ga5012  -  Nd3Ga5012,  and  Sm3Ga5012  - 
Gd3Ga5012  can  be  grown  by  the  Czochralski  technique  using  iridium  crucibles  as  the  container 
(Brandle  and  Valentino  [72BV]).  The  rotation  rate  of  the  seed  crystal  has  a  marked  influence  on 
the  crystal  quality  [72BV].  The  optimum  growth  rate  for  these  materials  is  about  6  mm/hr  with  a 
rotation  rate  of  45  rpm.  The  high  rotation  rate  is  necessary  to  eliminate  the  "core"  due  to  the 
formation  of  the  (211)  facets  on  the  growth  interface.  For  the  solid  solutions,  the  distribution 
coefficients  is  close  to  one,  so  as  to  have  only  very  small  lattice  parameter  variations. 

Imperfections  such  as  strains,  second  phase  precipitates,  and  voids  which  are  caused  by  constitu¬ 
tional  supercooling  can  be  eliminated  by  adjusting  crystal  growth  rate  (Brandle  et  al.  [72BMN]). 
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Three  types  of  small  (1  jum)  inclusions  are  found  in  rare-earth  garnets  grown  in  an  inert  atmos¬ 
phere:  iridium  metal,  GdGa  suboxide,  and  orthogalliate.  They  can  all  be  eliminated  when  2 
percent  oxygen  by  volume  is  added  to  the  atmosphere  over  the  crystal  to  reduce  Ga02  in  the  melt. 
Dislocations  are  the  consequences  of  inclusions.  The  differential  thermal  expansion  of  inclusions 
and  garnets  and  the  resulting  strain  fields  are  sufficiently  intense  to  generate  dislocations  during 
the  cooling  phase. 

The  substrate  crystals  must  be  prepared  into  wafers  of  high  topographical  quality  before  epitaxial 
film  growth.  The  methods  are  very  similar  to  that  used  for  Si  wafer  preparation  (e.g.,  see  Blake 
and  Mendel,  [70BM]).  Boules  were  oriented  <11 1>  by  the  Laue  technique,  then  cut  into  (111) 
wafers  0.07  cm  thick.  Next  the  wafers  were  ground  in  four  stages  using  successively  finer  diamond 
particles  (30-,  9-,  and  3-  /im  grit).  A  final  chemical-mechanical  polishing  step  with  an  alkaline 
colloidal  silica  was  used  to  remove  the  last  vestige  of  surface  damage.  Polished  substrates  were 
annealed  in  air  at  1250°C  for  4  hr. 

Several  authors  have  reviewed  substrate  preparation  and  defect  control.  Keig  [73K]  relates  the 
substrate  quality  with  the  crystal  growth  production  process  and  wafer  preparation  process. 
Materials  defects  arise  from  lattice  parameter  variation,  elastic  strain  (coring,  banding/striations), 
inclusions,  plastic  strain,  etc.  Fabrication  defects  arise  from  surface  work  damages,  dimensional 
defects,  and  surface  dirt.  He  concludes  that  high  quality  1"  diameter  wafers  have  been  achieved 
now,  and  scale-up  to  3”  diameter  substrates  at  less  than  $5/in2  cost  with  normal  product  develop¬ 
ment  is  possible  in  the  future.  Matthews  et  al.  [73MKP]  particularly  considers  cracks  and 
dislocation  lines,  and  methods  to  minimize  these  defects.  A  general  review  of  the  origin,  detection, 
and  control  of  defects  is  given  by  Chaudhari  [72C]. 

Since  the  application  of  liquid  phase  epitaxy  to  magnetic  bubble  materials  by  Shick  et  al. 
[71SNBKMR]  and  the  discovery  of  the  "dipping"  technique  utilizing  supercooled  melts  by 
Levinstein  et  al.  [71LLLB],  much  emphasis  has  been  placed  on  the  study  of  growth  kinetics  (see 
Giess  et  al.  [72GKW])  and  phase  equilibria  (see  Blank  and  Nielsen  [72BN])  related  to  the 
Pb0-B203  garnet  system. 

The  technique  of  dipping  from  supersaturated  solutions  to  grow  large-area  films  is  reviewed  by 

Blank  and  Nielsen  [72BN].  They  discuss  the  phase  relationships  in  the  Pb0-B203  -  garnet  systems 

and  their  influence  on  high  quality,  low-defect  epitaxial  films.  Properties  of  iron  garnets  contain- 
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ing  rare  earths,  such  as  Yb,  Eu,  Er,  Y  and  Gd  are  discussed  along  with  magnetic  uniaxial  anisotro¬ 
py.  Liquid-phase  epitaxy  utilizing  supercooled  melts  are  discussed  in  terms  of  two  unique 
properties  of  garnets:  their  tendency  to  grow  free  of  dislocations,  and  their  resistance  to  spontane¬ 
ous  nucleation  from  supercooled  flux  solution. 


Blank  et  al.  [73BHSN]  review  the  effects  of  growth  conditions  on  the  magnetic  properties  of 
substituted  rare-earth  iron  garnets  grown  by  liquid  phase  epitaxy,  with  particular  emphasis  on  the 
effects  of  growth  rate,  growth  temperature,  and  growth  procedure.  The  melt  ratio 
R1  =  (Fe203)/(Ln203)  must  be  between  14  and  35  depending  on  the  rare-earth  composition  in 
order  to  avoid  unwanted  phases.  They  have  studied  the  LPE  growth  process  as  a  function  of 
temperature,  and  it  has  been  shown  that  the  film  composition  and  the  uniaxial  anisotropy  are 
related  to  the  temperature  by  the  Arrhenius-type  expressions.  They  have  further  confirmed  the 
diffusion  control  (Giess  et  al.  [72GKW])  in  film  growth  over  825-950°C,  and  the  growth  rate 
being  proportional  to  (rotation  rate)172  over  4  to  160  rpm.  A  diffusion  coefficient  of  8.7  x  107 
cm2/sec  best  represents  the  data  at  a  growth  temperature  of  867°C  for  a  melt  1^=30. 


Giess  et  al.  [72GKW]  have  also  studied  the  isothermal  LPE  dipping  technique  for  the  gorwth  of 
garnet  films  from  Pb0-B203-Fe203  fluxed  melts.  Films  were  grown  on  Gd3Ga5012  substrates 
which  were  axially  rotated  while  being  held  in  a  horizontal  plane.  To  a  first  approximation,  the 
film  growth  rate  varies  with  the  square  root  of  rotation  rate  (r)  as  predicted  by  diffusion  boundary 
layer  theory.  Further  study  by  Giess  et  al.  [73GCGKK]  indicates  that  this  rotation  effect  is 
modified  by  the  interfacial  reaction  which  involves  the  integration  of  garnet  consituent  units  into 
the  film  growth  surface.  By  holding  all  growth  parameters  constant  except  for  changing  r  from  36 
to  169  rpm,  it  is  possible  to  change  the  film  composition  and  magnetic  properties.  Lead  impurity 
content,  lattice  mismatch,  magnetic  anisotropy  and  saturation  magnetization  increase  with 
increasing  rotation  up  to  a  limiting  r>121  rpm.  Thereafter,  these  properties  decrease  with 
increasing  r,  presumably  as  a  result  of  a  growth  interface  instability.  For  submicron  bubble  LPE 
films,  Ghez  and  Giess  [73GG]  give  a  unified  expression  for  film  growth  rate  as  a  function  of 
growth  time  and  rotation  rate  which  fit  experimental  data.  The  importance  of  the  interfacial 
reaction  during  the  transient  growth  state  when  the  diffusion  boundary  layer  is  relatively  insignifi¬ 
cant  has  been  demonstrated. 
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5.6  Structure  Making 

Field-access  devices  (Perneski  [69T]),  current-access  devices  (Copeland  et  al.  [71CEJR]),  and 
indented  angelfish  devices  (Hayashi  et  al.  [72HCRK]),  all  require  structure  making.  See  Fig. 
5.6.1.  T-bar,  Y-bar,  or  chevron  permalloy  patterns  are  superimposed  on  garnet  films  in  field- 
access  devices.  Conductor  patterns  are  superimposed  on  garnet  films  in  current-access  devices. 
Materials  are  removed  by  ion  milling,  or  sputter  etching  in  indented  angelfish  devices.  The 
materials  need  not  be  physically  removed  if  ion  implantation  is  employed  to  make  desired  patterns 
nonmagnetic.  Moreover,  Wolfe  et  al.  [73WNJSVF]  reported  the  use  of  ion  implantation  to  alter 
the  easy  axis  from  the  normal  direction  to  the  planar  direction  in  prescribed  patterns  to  replace 
external  permalloy  structures. 


THREE  MASK  LEVEL  BUBBLE  CHIP  TWO  MASK  LEVEL  BUBBLE  CHIP 


SINGLE  (CRITICAL)  MASK  LEVEL  BUBBLE  CHIP 


Fig.  5.6.1  The  evolution  of  field-access  device  structures.  A  bubble  domain  memory  chip 
requires  the  functions  of  propagation,  detection,  and  control,  (a)  In  the  field-access 
devices,  thick  permalloy  patterns  are  used  for  propagation  and  manipulation  purposes, 
thin  permalloy  patterns  are  used  for  magneto-resistive  detectors,  and  conductors  are 
used  for  control  purposes  (ONE/ZERO,  transfer,  etc.).  Hence  three  photomasks  and 
two  alignments  are  required.  (After  Reekstin  and  Lehner  [72RL] ,  Fig.  1 .)  (b)  Only  two 
mask  levels  and  one  alignment  are  required  when  thick-permalloy  detectors  are  used. 
(After  Bobeck  et  al  [73BDRS] ,  Fig.  1.)  (c)  Only  one  critical  mask  level  and  no 
alignment  are  required  when  chip  patterns  are  designed  such  that  the  magnetoresistor 
detector  can  be  shielded  by  crude  mask  when  depositing  conductor  layer  and  elsewhere 
the  permalloy  and  the  conductor  do  not  interfere  with  their  respective  magnetic  and 
conduction  functions  in  their  composite  structure.  (After  Bobeck  et  al  [73BDRS] ,  Fig. 
1). 
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There  are  two  major  steps  in  preparing  structures  for  bubble  domain  devices:  (1)  pattern 
generation  by  photolithography  or  electron  beam  lithography;  and  (2)  addition  of  materials  by 
metallization,  subtraction  of  materials  by  ion  milling,  or  alteration  of  magnetic  properties  by  ion 
implantation. 


Table  I  SUMMARY  OF  OVERLAY  FABRICATION  STEPS 


Three-Level-Mask 

Devices 

1. 

Substrate  cleaning 

2. 

o 

Space  (2K  -  3K  A  SiC>2) 

Evaporation 

3. 

O 

1st  permalloy  sheet  (200  A  NiFi) 

-  base  for  electroplating  in  steps  5  and  8 

-  sensor  in  step  11 

Evaporation 

4. 

1st  photoresist 

Spin ^resist,  exposure,  and 
removal  of  exposed  resist 

5. 

o 

Permalloy  propagation  structure  (2K  -  3K  A  NiFe) 

Electroplate  through  photomask 

6. 

Clean  off  1st  photoresist  layer 

7. 

2nd  photoresist 

Spin  resist,  alignment,  exposure 
and  removal  of  exposed  resist 

8. 

Control  and  access  conductor  structure  (5K  A  Gold) 

Electroplate  through  photomask 

9. 

Clean  off  2nd  photoresist  layer 

10. 

3rd  photoresist 

Spin  resist,  alignment,  exposure 
and  removal  of  exposed  resist 

11. 

Magnetoresistive  sensor  structure 

Sputter  etch 

Table  1.  Summary  of  overlay  fabrication  steps. 


Table  I  summarizes  the  fabrication  steps  (Powers  and  Horstmann  [73PH])  for  a  typical  field- 

access  bubble  memory  chip  (Bosch  et  al.  [73BDR]).  Since  the  photoresist  exposures  define  the 
alignment  of  successive  layers,  they  are  the  most  critical  steps  in  the  device  fabrication.  In 

comparing  different  devices,  the  number  of  photoresist  exposures  (of  critical  dimensions)  provides 
a  good  measure  of  their  structure  complexity  and  fabrication  difficulty.  It  is  interesting  to  note 
that  permalloy  patterns  serve  as  the  propagation  and  manipulative  (e.g.,  generation)  elements,  as 
well  as  the  magnetoresistive  detectors.  Permalloy  is  also  a  reasonable  conductor,  with  resistivity  3 
times  higher  than  Al,  but  electromigration-free  current  density  10  times  higher  than  Al.  It  should 
also  be  noted  that  in  a  permalloy-Cu  (or  Au)  sandwich,  the  non-magnetic  Cu  does  not  interfere 
with  the  purely  magnetic  functions  of  the  permalloy  patterns,  and  the  permalloy  with  a  resistivity 
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ten  times  higher  than  the  Cu  assists  but  does  not  significantly  affect  the  current  distribution  in  the 
conductor  patterns.  Thus  it  is  conceivable  to  design  permalloy-Cu  sandwich  patterns  as  the 
propagation,  and  control  elements.  The  magnetoresistor  is  the  only  element  which  cannot  tolerate 
another  conductor  in  intimate  contact.  However,  the  expander/ detector  type  of  magnetoresistor 
has  the  same  permalloy  thickness  as  the  propagation  elements,  and  is  relatively  large  as  compared 
to  one  propagation  element.  Its  pattern  can  be  formed  at  the  same  time  as  the  rest  of  the  array, 
but  it  can  be  shielded  during  the  conductor  deposition  by  a  crude  mask.  Indeed  Bobeck  et  al. 
[73BDRS]  have  designed  and  experimented  with  a  single  photoresist-masking  bubble  memory 
array.  This  has  far  reaching  consequence  in  terms  of  achieving  higher  density  with  good  yield, 
since  it  not  only  simplifies  the  photoresist  masking  to  the  minimum,  but  also  completely  eliminates 
critical  alignment. 

Many  of  the  techniques  for  making  bubble  domain  device  structures  have  been  in  use  for  other 
integrated  circuits,  and  well  documented  in  handbooks,  (for  example,  the  "Handbook  of  Thin  Film 
Technology,"  edited  by  L.  I.  Maissel  and  R.  Glang,  McGraw-Hill  Book  Co.,  1970).  However,  the 
potential  of  extremely  high-density  bubble  devices  has  demanded  the  most  advanced  pattern 
generation  techniques  such  as  electron  beam  lithography,  and  additive  metallurgy  such  as  electrop¬ 
lating  through  photomasks.  The  salient  features  of  these  techniques  are  briefly  described  below: 

Electron-Beam  Lithography  Permalloy  overlays  based  on  photon  lithography  and  suitable  for  2.8 
x  106  bit/in2  bubble  memory  array  have  been  reported  by  Reekstin  [71R].  However,  the  mask 
patterns  for  107-108  bit/in2  density  and  higher  (Hu  et  al.  [73HHGP])  must  be  generated  by 
electron  beam  exposure.  Broers  [7 IB]  gives  a  synopsis  and  references  for  the  technique.  The 
subject  of  microcircuits  by  electron  beam  is  reviewed  by  Broers  and  Hatzakis  [72BH].  Sadagopan 

et  al.  [72SHAPR]  describe  the  fabrication  for  both  an  operational  3  x  106  bit/in2  and  400-bit  shift 
register  and  0.3  jum  (3,000A)  line-width  permalloy  overlay  capable  of  108  bits/in2  devices.  In 
addition  to  higher  resolution  (1,000A),  the  advantages  of  electron  beam  lithography  include  larger 
depth  of  field  (10/t,  faster  turn  around,  and  special  electron  resist  (methyl-methacrylate)  amenable 
to  metallization  (electroplating,  evaporation,  or  sputtering)  through  the  resist  mask. 

Additive  Metallurgy .  The  conventional  pattern  formation  consists  of  the  deposition  of  a  continu¬ 
ous  metal  film,  photoresist  and  exposure,  and  chemically  etching  away  (i.e.,  subtractive  metallur¬ 
gy)  the  undesired  metal  through  the  opening  of  the  exposed  and  removed  resist.  Unfortunately, 
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the  chemical  etching  results  in  ragged  edges  for  the  metal  pattern,  and  makes  the  subtractive 
metallurgy  unsuitable  for  high  density  devices. 


In  additive  metallurgy  (see  Reekstin  [71R]),  a  continuous  metal  thin  film  is  deposited.  After 
photoresist,  exposure,  and  removal  of  exposed  photoresist,  additional  metal  is  electroplated 
through  the  photoresist  opening  to  a  desired  thickness.  Since  openings  in  the  photoresist  are  deep 
and  clean  cut,  well-defined  narrow  as  well  as  thick  patterns  can  be  formed.  For  example,  1  n 
line  widths  can  be  obtained  in  lji  -  thick  metal.  This  is  of  particular  importance  as  devices  become 
smaller  because  thick  conductors  reduce  the  current  density  and  alleviate  the  electromigration 
problem.  See.  Fig.  5.6.2. 


STEP  I-  COAT  SUBSTRATE  WITH  ~2O0l  PERMALLOY. 


PERMALLOY 


SUBSTRATE 


APPLY  PHOTORESIST  PATTERN.  PERMALLOY  UNCOATED 
ONLY  WHERE  T-BARS  OR  Y-BARS  ARE  DESIRED. 

-PHOTORESIST 
(KTFR) 
ERMALLOf 
"SUBSTRATE 


STEP  3:  IMMERSE  IN  ELECTROLESS  Ni-Co  PLATING  BATH  AT 
95*C.  PLATING  RATE- 1400  A/mki  A  CATALYTIC 
REACTION  INVOLVING  REDUCTION  OF  Ni-Co  IONS 
BY  HYPOPHOSPHITE  IONS  OCCURS  ONLY  WHERE 
PERMALLOY  IS  EXPOSED.  ^Ni-Co  ALLOY 

-PHOTORESIST 
-PERMALLOY 
SUBSTRATE 


STEP  4:  REMOVE  RESIST  WITH  COBEHN  SPRAY. 


STEP  5:  REMOVE  EXPOSED  PERMALLOY  WITH 


FERRIC  CHLORIDE 
Ni-Co  ALLOY 
PERMALLOY 

SUBSTRATE 


Fig.  5.6.2  Step-by-step  procedure  for  preparing  bubble  propagation  circuits  by  electroless 
deposition  of  Ni-Co-P.  (After  Reekstin  [7 1 R] ,  Fig.  1). 


Ion  Milling  A  beam  of  ions  of  mass  greater  than  a  few  atomic  units  and  energy  greater  than 
about  100  keV  can  remove  atoms  from  the  surfaces  of  a  solid  material  with  minimum  change  of 
adjacent  materials.  Spencer  and  Schmidt  [71SS]  discuss  the  parameters  involved  in  ion  interac¬ 
tions  with  solid  surfaces,  describe  six  different  ion  milling  techniques  and  ion  sources,  and  practical 
procedures  with  some  current  problems.  Their  paper  includes  a  discussion  on  the  use  of  ion  beams 
for  polishing  garnet  specimen  surfaces  and  shaping  permalloy  propagation  structures. 
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Ion  Implantation  (see  Crowder  [7 1C]).  Energetic  heavy  ions  can  be  used  to  modify  the 
properties  of  materials  in  a  controlled  fashion.  Ionized  and  accelerated  atoms  (10  -  1000  keV 
energy  level)  bombard  the  target  material  and  bury  themselves  inside  the  latter,  after  losing  energy 
by  collisions  with  target  atoms  and  electrons.  When  used  with  semiconductor  materials  as  a  doping 
technique,  ion  implantation  offer  the  following  advantages  over  diffusion  and  epitaxy: 

(1)  The  number  of  dopant  atoms/cm2  can  be  controlled  very  percisely  over  large  areas: 

(2)  The  profile  of  doping  density  vs.  depth  can  be  controlled  over  wide  limits; 

(3)  Lateral  registration  is  significantly  better  than  for  diffusion  processes;  and 

(4)  Low  temperatures  (for  a  given  period  of  time)  are  required  to  achieve  a  given  level  of 

doping. 

In  bubble  domain  device  processing,  ion  implantation  has  demonstrated  two  uses  (Wolfe  et  al. 
I73WNJSVF]).  The  surface  layer  of  an  epitaxial  garnet  film  can  be  ion-implanted  to  alter  its  easy 
axis  from  normal  to  planar  direction,  thereby  prohibiting  multiple  Neel  lines  which  give  rise  to  hard 
bubbles.  Moreover,  discrete  patterns  with  in-plane  magnetization  can  serve  as  propagation 
structures  to  replace  permalloy  structures.  North  and  Wolfe  [73NW]  further  describe  the  ion 
implantation  effects  in  magnetic  bubble  garnets.  The  damage  produced  by  implantation  causes 
lattice  expansion,  which  places  the  implanted  material  in  lateral  compression.  The  effect  allows 
the  easy  axis  of  magnetization  within  the  implanted  layer  to  be  placed  either  perpendicular  or 
parallel  to  the  surface  depending  upon  the  sign  of  the  magnetostriction  constant.  The  increases  in 
lattice  parameter  determined  from  x-ray  diffraction  measurements  and  the  doses  required  for 
hard-bubble  suppression  correlate  with  the  theoretical  nuclear  stopping  powers  for  the  ions  used. 

5.7  Margins,  Reproducibility,  Yield  and  Reliability 

It  Was  only  within  the  last  few  years  that  the  industry  has  adopted  field-access  permalloy-overlay 
for  device  structures,  (1969),  the  garnet  system  as  storage  media  (1970),  and  LPE  dipping  for  film 
growth  (1971).  Prototype  mass  memory  is  still  under  development.  While  production  data  are  not 
available  on  margins,  reproducibility,  and  yield  for  bubble  domain  devices,  a  great  deal  of  thought 
has  been  given  to  relevant  factors.  They  include: 
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defects  in  films 

uniformity  of  materials  parameters 

reproducibility  from  run  to  run 

temperature  sensitivity  of  garnets  (see  Sec.  5.4) 

effect  of  hard  bubbles  on  device  operating  margins  (see  Sec.  4.5) 

overlay  microstructure  fabrication  (see  Sec.  5.6) 

radiation  effects 

reliability 

etc. 

Defects  In  1971,  Geusic  et  al.  [71GLLSB]  reported  that  (Er2Eu1)(Ga07Fe43)O12  LPE  films  have 
been  grown  on  (1 1 1)  Gd3Ga5012  substrates  with  a  magnetic  defect  density  as  low  as  2/ cm2.  They 
conclude  from  their  studies  that  surface  defects  and  lack  of  cleanliness  in  substrates  are  the  major 
causes  for  defects  in  LPE  garnet  films.  Typical  films  used  to  contain  more  than  100  defects/cm2. 

By  careful  cleaning  before  LPE  growth,  defect  densities  can  be  reduced  to  as  low  as  2/cm2.  Since 
the  typical  quality  of  Czochralski-grown  Nd-doped  Y3A15012  commercial  laser  material  is  of 
comparable  quality  to  the  Gd3Ga5012  substrates  used  in  their  studies,  they  concluded  that  the  low 
magnetic-defect  densities  in  LPE  garnet  films  can  be  reproducibly  achieved.  Based  on  Poisson 
statistics  and  2  defects/cm2,  the  yield  of  zero-defect  chips,  capable  of  incorporating  a  single  shift 
register  of  4  x  104  bits  at  20  /mi  period,  could  be  as  high  as  72  percent.  BTL  has  demonstrated  the 
successful  operation  of  a  104-bit  25  /xm-period  Y-bar  shift  register  with  a  low-defect-density 
(Er2Eu1)(Fe4  3Ga0  7)O12  film.  Chaudhari  [72C]  reported  that  in  (GdxY3x)  (FerGa5  r)012  films, 
similar  low-defect  density  has  been  achieved.  He  reviewed  and  catalogued  the  nature  of  defects, 
and  status  of  our  understanding  of  the  origin  of  defects  in  garnet  substrates  and  films.  The 
influence  of  crystal  defects  on  magnetization  processes  have  been  considered  theoretically  by 
Trauble  [69T]  and  Kronmuller  [73K]. 
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Uniformity  Hagedorn  et  al.  [71HTGLLS]  employed  Thiele’s  theory  of  stability  to  predict  the 
effects  of  variations  in  film  thickness  (h),  magnetization  (M),  and  wall  energy  (aw),  on  stable  field 
range  (i.e.,  collapse  field  to  run-out  field)  for  bubbles.  In  the  absence  of  any  external  or  internal 
structure  (such  as  permalloy  overlay  or  indentation),  for  a  film  at  optimum  thickness  (i.e.,  h  =  4/ 
=  <jw/ 7rM2) ,  a  1  percent  variation  in  M,  h,  or  aw  (i.e.,  AM/M  =  1  percent,  etc.)  would  produce  a 
change  in  the  stable  operating  magnetic  bias-field  range  of  respectively  15.5  percent,  4.8  percent 
and  4.8  percent.  Obviously,  it  is  important  to  control  these  parameters  accurately  during  growth, 
to  measure  them  accurately  during  characterization,  and  to  compensate  for  their  variation  by 
device  structure  and  operation  mode  in  application. 

As  reported  by  Geusic  et  al.  [71GLLSB],  an  (Er2Eux)  (Fe43Ga07)O12  LPE  film  0.6  cm2  in  area  has 
variations  of  h,  4^M,  and  lA  of  ±  2.5  percent,  ±  3  percent,  and  ±  8  percent  respectively.  It  has 
been  observed  that  both  4^M  and  lA  have  linear  dependence  on  h.  Since  the  rate  of  film  growth 
(hence  the  film  thickness)  is  dependent  on  the  local  substrate  temperature,  it  is  important  to 
control  spatial  uniformity  of  substrate  temperature  during  growth. 

Reproducibility  Hewitt  et  al.  [73HPBK]  have  grown  1250  garnet  films  in  successive  runs.  The 
percentage  of  films  within  specifications,  which  include  collapse  field,  thickness,  magnetization, 
characteristic  length,  defect  density  (zero  defect  in  1  cm2  area  selected  from  a  2  cm2  area  wafer) 
and  uniformity,  ranges  from  85  to  95.3  percent,  resulting  in  an  overall  yield  of  78  percent. 

The  films  are  (Sm04Y2  6)(Ga1 2Fe3  8)012  grown  by  the  liquid-phase  epitaxy  on  Gd3Ga5012  sub¬ 
strates  in  clean-room  environment.  Many  techniques  for  high-quality  film  growth  are  reported. 
They  include  ultrasonic  cleaning  of  substrates  before  growth  and  of  grown  film  after  growth;  the 
addition  of  V205  to  the  melt  to  reduce  crucible  attack;  and  the  monitoring  of  film  thickness  and 
bubble  collapse  field  for  feedback  control  and  empirical  adjustment  of  the  growth  temperature  and 
rate. 

Stein  [73S]  has  reported  a  control  scheme  to  achieve  reproducibility  in  successive  runs  of 
(Y24Eu06)(Fe3  8Ga12)O12  LPE  film  deposition.  The  effects  of  oxide  depletion  and  flux  loss  by 
volatization  on  the  saturation  temperature  and  the  growth  rate,  and  thus  on  the  reproducibility  of 


film  growth  are  discussed.  The  control  scheme  consists  of  lower  growth  temperature  during  run, 
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addition  of  Ga  oxide  to  melt  to  compensate  for  4?rMs  increase,  addition  of  garnet  oxide  to  melt 
after  each  10  film  growth  to  restore  saturation  temperature,  and  addition  of  Pb  oxide  to  melt  daily 
to  compensate  for  volatization  loss. 

Production  of  large  quantities  of  LPE  garnet  films  has  been  attempted  with  multiple-film  growth 
(ten  1.5  in  dia.  substrates  per  run)  by  Warren  and  Mee  [73WM].  They  have  prepared  films  of 
( Y2  14Eu0  56Tm0  3) (Gat  1Fe3  9)  012  and  (Y2>14Eu0>56Tm0>3)(Ga1>1Fe3>9)O12  composition  in  Pb0-B203 
flux,  obtaining  thickness  variation  less  than  0.13  /mi. 

Radiation  Chen  et  al.  [73CAWH]  measured  nuclear  radiation  effects  on  garnet  films  to  determine 
permanent  changes  in  device  performance  as  well  as  transients  during  device  operation.  They 
found  that  in  most  samples  there  is  no  change  in  mobility,  coercivity,  nor  in  device  operating 
margins  after  gamma  irradiation  up  to  50  M  rads  and  neutron  irradiation  up  to  9  x  1014  n/cm2  (1 
MeV  equivalent).  However,  in  films  without  ion-implantation,  some  shift  registers  did  show 
degraded  operating  margin,  which  is  attributed  to  defect  enhancement  by  irradiation  and  the 
consequent  increased  chance  of  conversion  from  normal  bubble  to  hard  bubble.  The  magnetoresis¬ 
tive  detectors  appear  immune  to  irradiation.  Bubble  devices  also  appear  to  retain  information  well 
after  bombardment  by  a  high  energy  (1.5  MeV)  pulsed  electron  beam. 

Sery  and  Iron  [73SI]  have  also  reported  that  neutron  irradiation  (0.4  x  1015  n/cm2  initially,  and  2  x 
1015  n/cm2  total  finally)  on  GdEr-,  GdY-,  GdYTm-,  GdYYb-,  and  GaYLa-  IG’s  only  have 
negligible  effects  on  characteristic  length,  saturation  magnetization,  collapse,  mobility  and 
anisotropy  field. 

Reliability  As  the  bubble  technology  is  making  progress  towards  a  memory  product,  its 
reliability  aspects  have  come  under  examinations.  Bouricius  ([73B]  and  [72ABC])  has  outlined 
steps  for  deriving  useful  reliability  models:  identifying  failure  modes,  assigning  failure  rates, 
deducing  deleterious  effects  of  failures,  and  deriving  and  solving  reliability  equations. 

Shumate,  Peirce,  and  Michaelis  ([73SP]  and  [73SMP])  have  reported  long-term  propagation 
studies  in  bubble  devices.  Failures  are  defined  as  permanent  alterations  of  the  data  pattern 
through  the  collapse,  replication,  or  misplacement  of  a  bubble  during  porpagation,  which  results  in 
nonrecoverable  errors  (in  the  absence  of  an  error  detection  code).  Measurements  were  performed 
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on  (Sm04Y26)(Fe3  8Ga1 2)012  and  (Lu1Gd2)(Fe44Al06)O12  LPE  films  (implanted  with  2  x  1016 
H+/cm2  at  25  KeV  to  prevent  hard  bubbles)  with  a  23 -step  re-entrant  T-bar  propagation  circuit. 
The  information  patterns  consist  of  combinations  of  010,  01 10,  and  01 1 10.  The  bias-field  margins 
4  are  measured  as  a  function  of  the  number  of  steps  propagated.  The  essential  findings  are  the 
following: 

1.  As  the  number  of  propagation  steps  at  100  KHz  increases,  the  bias  field  margins  at 
constant  drive  field  for  error-free  propagation  are  observed  to  decrease. 

2.  The  Sm-Y  material  offers  better  margins  than  Lu-Gd  material  at  large  number  of 
propagation  steps. 

3.  Increasing  the  overlay-garnet  separation  from  0.6  /zm  to  1.6  /m l  (6  /z  bubble  diameter) 
reduces  the  margins,  particularly  for  Lu-Gd  films. 

4.  Starting  and  stopping  the  drive  field  causes  no  change  in  the  longevity  data  until  the 
number  of  stops  became  nearly  equal  to  the  number  of  propagation  steps. 

5.  Increasing  the  drive  field  reduces  the  error  rate.  Thus  the  failure  mechanism  is  sensitive 
to  the  permalloy. 

6.  Un-implanted  materials  have  much  higher  failure  rate.  However,  by  starting  and 
stopping  the  rotating  field  periodically,  the  margin  lifetime  for  un-implanted  materials  is 
increased  by  approximately  an  order  of  magnitude. 

7.  The  failure  modes  are  noted  to  be  (i)  a  replication  of  data  at  low  bias,  (ii)  a  collapse  or 
a  one-to-two-period  displacement  at  high  bias.  Multiple  adjacent  bubbles  fail  more 
frequently  than  single  bubbles.  90° -corner  propagation  fail  more  frequently  than 
straight  sections. 

By  removing  or  re-designing  these  turns,  several  material-circuit  combinations  have  been  found  in 
which  the  bias-margins  are  independent  of  the  number  of  steps  propagated.  These  tests  have  also 
been  conducted  at  an  optimum  bias  in  a  memory-module  environment  using  large-capacity  (20 
Kb)  bubble  circuits.  No  errors  have  been  observed  during  several  1015-step  tests. 

Doyle  and  Flannery  [73DF]  have  reported  that  the  lower-limit  of  bias-field  (HN)  varies  with  the 
number  of  propagation  steps  by  the  empirical  relationship 
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Hn  =  Hj  -  e  log  N 


where  Ht  =  lower  limit  of  bias  field  for  1-step  propagation,  e  =  an  empirical  constant  (for 
example,  for  SmY  garnet,  e  =  0.51  Oe/decade)  and  N  =  number  of  propagation  steps.  They 
propose  that  a  major  cause  of  errors  are  hysteretic  fluctuations  in  the  permalloy  circuit. 

Yoshimi  and  Fujiwara  [73YF]  propose  that  the  indirect  bubble  interaction  through  permalloy 
patterns  is  a  major  cause  of  failure.  To  improve  stability,  they  suggest  (i)  high-Hc  NiFeCo  film  for 
propagation  patterns,  (ii)  arranging  dot-patterns  near  propagation  patterns,  and  (iii)  applying  dc 
in-plane  bias  field  to  the  in-phase  direction  of  start-stop  operations. 

Archer  et  al.  [73ATBBBV]  have  reported  reliability  data  both  on  propagation  elements  and 
magnetoresistive  detectors. 

5.8  Materials  Characterization 

The  materials  parameters  important  to  bubble  devices  (particularly  for  shift  registers)  are 
specified  in  Sec.  5.2.  The  physical  understanding  of  these  parameters  are  given  in  Chapter  4.  It  is 
the  purpose  of  this  section  to  summarize  the  measurement  methods  in  common  use  today. 

With  the  rapid  advances  in  materials,  the  measurement  methods  have  also  been  evolving.  Magnet¬ 
ic  domains  in  thin  platelets  of  orthoferrites  and  garnets  are  readily  visible  when  the  platelets  are 

viewed  between  cross  polarizers  in  a  microscope,  by  the  magneto-optic  Faraday  effect.  A  number 
of  interesting  and  useful  optical  measurements  for  investigating  mobility,  coercivity,  wall  energy, 

anisotropy,  and  imperfections  were  reviewed  by  Shumate  [7 IS].  Characterization  techniques  have 

been  compiled  in  a  report  by  Monsanto  Research  Corporation  under  an  ARPA  contract  [72M],  In 

Table  2  a  summary  is  given  of  the  materials  parameters,  measurement  methods,  and  probable  error 

limits  The  report  emphasizes  experimental  details  and  includes  a  list  of  equipments. 

The  most  recent  review  article  on  materials  characterization  is  given  by  Josephs  [73J],  which 
reviews  the  methods  for  determining  (1)  thickness  by  optical  interference,  (2)  magnetization  and 
characteristic  length  from  the  field  dependence  of  the  bubble  diameter  and  also  from  the  zero  field 
stripe  width,  (3)  anisotropy  constant  from  the  susceptibility  measured  in  an  otpical  magnetometer, 
(4)  coercivity  from  the  stripe  domain  response  to  an  ac  field,  and  (5)  mobility  by  the  bubble 
collapse  and  step-function  response  methods. 
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Table  II  MAGNETIC  BUBBLE  MATERIALS  CHARACTERIZATION  SUMMARY 


Property 
^Composition 
^Lattice  parameter 
**Substrate  defects 
Thickness 

Thickness  variation 
Defects 

Defect  location 


Technique 

Electron  microprobe  analysis  and  Neel  temperature 
X-ray  diffraction 

Polarized  and  phase  interference  microscopy 
Reflectivity  in  wavelength  range  0.6  to  1.0  microns 
Monochromatic  light  photograph 
Microscopic  examination  in  alternating  field 
X-Y  map  of  sample 


Saturation  magnetization 
(4ttMs>  Gauss) 

Anisotropy  field 
(Ha,  Oe) 

Wall  energy  ^ 

(ow,  ergs/cm  ) 


£,  bubble  collapse  field,  and  thickness 

£  =  (AK)  '  /4ttM  2 

s 

Crossed  dc  and  ac  fields  with  Faraday 
effect  detection 


Characteristic  length  H=o  strip  domain  width,  and  sample  thickness 

(^=awM7rMs  ,  cm) 

Wall  width 

U  M7T/2)(a  /H.M  ),  cm) 
w  w  k  s 

Coercivity  Extrapolation  of  Faraday  effect  signal  to  H  =  0 

(H  ,  Oe)  ac 


Wall  mobility 

(p  ,  cm/sec  Oe) 
w 


Dynamic  wall  motion 
bubble  collapse 
bubble  translation 
bubble  motion  around  disk 


Wall  velocity 

[v= (AH  -  8  Hc)p  /2, 
/  - 1  w 

cm/secj 


Dynamic  wall  motion 
bubble  collapse 
bubble  translation 
bubble  motion  around  disk 


Neel  temperature 

(Tn,  °K) 

Bubble  diameters 
Bias  field 


Hot  stage  with  field  modulation  and 
photo  multiplier  readout 

Calibrated  mircoscope  eye  pieces 

Fixed  field  coils  calibrated  by  Hall  probes 


Probable  Error  Limits 


+3% 

+0.0001A 


+4% 

+4% 


\ 


+0 . 1mm 
+7% 

+10% 


+10% 


+20% 

+25% 


+1  °K 

+  .5p 
+2% 


^Applied  to  both  substrates  and  films 
**Applied  to  substrates  only 

All  other  properties  apply  to  films  only 


Not  adequately  covered  in  the  above  review  articles  are  the  following  problems:  (1)  mapping  of 
defects  in  films,  (2)' delineation  of  the  behavior  of  "hard"  bubbles,  (3)  evaluation  of  mobility,  (4) 
measurements  on  submicron  bubbles,  (5)  more  precise  measurements  on  higher  quality  films,  (6) 
measurement  techniques  for  films  with  lower  optical  quality  (e.g.,  GdCo  films),  and  (7)  electronic 
techniques  for  evaluating  devices  in  memory  array  environments. 
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To  detect  magnetically  active  defects,  a  film  can  be  swept  by  an  isolated  straight  wall,  fully 
populated  stripe  domains,  an  isolated  bubble  (Shumate  [7 IS]),  or  fully  populated  bubbles  (a 
bubble  lattice).  The  last  one  is  preferable  since  it  resembles  the  bubble  device  environment  and 
permits  fast  mapping.  As  reported  by  Argyle  and  Chaudhari  [73 AC],  a  bubble  lattice  is  caused 
either  to  flow  without  turbulence  or  to  be  excited  into  random  motion.  Time  averages  of  bubble 
positions  as  detected  by  Faraday  effect  reveal  the  positions  of  any  magnetically  active  defects. 
The  relative  light  intensity  is  a  measure  of  defect-to-bubble  interaction  strength. 

Both  the  hard  bubbles  and  the  bubble  dynamics  in  general  are  still  undergoing  discovery  and 
understanding  with  the  measurement  techniques  evolving  with  them.  The  hard  bubble  measure¬ 
ment  techniques  and  results  are  reported  by  Tabor  et  al.  [73TBVR]  and  Voegeli  and  Calhoun 
[73VC].  Bubble  mobility  is  usually  inferred  from  straight  wall  mobility  measurement  or  bubble 
collapse  (i.e.,  implosion)  measurement.  Vella-Coleiro  and  Tabor  [72VT]  developed  a  direct 
measurement  method  of  the  velocity  of  an  isolated  circular  domain  in  an  external  field  gradient 
while  adjusting  the  local  bias  field  to  keep  the  bubble  size  constant.  This  is  closely  analogous  to 
the  device  operation  condition. 

Submicron  diameter  bubbles  and  opaque  GdCo  amorphous  films  are  recent  advances.  The  direct 
mangeto-optic  measurements  are  becoming  inadequate.  Closed  circuit  TV  systems  help  improve 
electronically  the  contrast  in  optical  images.  The  TV  camera  converts  the  illuminated  image  to  an 
electrical  video  signal.  By  high-speed  analog  circuits  the  contrast  in  the  image  is  enhanced  and  the 
picture  reproduced  on  the  TV  monitor.  The  opaque  materials,  of  course,  have  to  use  the  Kerr 
magneto-optic  effect  (by  reflection)  rather  than  the  Faraday  effect.  With  extremely  small  bubbles, 
the  device  configurations,  particularly  as  aided  by  bubble  expansion  techniques,  may  well  prove  to 
be  effective  measurement  vehicle. 
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Perspective 


6.1  Introduction 

This  chapter  aims  at  a  technology  forecast  for  magnetic  bubbles.  The  approach  is  not  to  extrapo¬ 
late  the  past  rate  of  progress  into  the  future,  but  to  examine  the  intrinsic  nature  of  bubble  devices 
and  the  rich  varieties  of  current  studies  so  as  to  bring  attention  to  what  could  and  should  be 
evolved  to  enhance  the  basic  capabilities  of  the  bubble  technology. 

We  conclude  that  the  magnetic  bubble  technology  offers  superior  capabilities  up  to  109  to  1010 
bit/in2  density,  less  than  1  ms  access  time  even  for  very  large  files,  and  a  wide  variety  of  applica¬ 
tions  based  on  memory,  switch  and  logic  functions. 

This  chapter  also  provides  the  opportunity  to  update  the  book  just  before  publication  to  include 
the  significant  advances  up  to  the  end  of  1974.  A  number  of  references  are  added  to  the  reprint 
collections. 

The  maturity  of  the  bubble  technology  is  significantly  demonstrated  by  an  experimental  bubble 
memory  module  (Michaelis  [74M]).  The  module  contains  460,540  bits  (32,896  words,  14 
bits/ word,  on  28  chips  each  of  16,448  bits),  and  all  control  function  and  detection  electronics. 
Reputedly,  the  yield  for  perfect  16  K-bit  chips  is  about  20  percent.  The  module  is  fully  operation¬ 
al  at  a  rotating-field  frequency  of  102  KHz,  offering  an  average  access  time  of  2.7  ms,  and  a 
read- write  cycle  time  of  5  ms.  Such  memory  modules  could  be  useful  for  a  108-bit  mass  memory 
(Geusic,  [73G])  and  space-flight  recorders  (Chen  et  al  [74CBTAS]).  The  preparation  of  large 
area  films  (3.8  cm  diameter  wafers)  for  bubble  devices  has  been  reported  by  Nielsen  et  al. 

*  This  chapter  is  an  updated  version  of  a  paper  "Capabilities  of  the  Bubble  Technology"  AFIPS 
Conf.  Proc.  Vol.  44,  pp.  847-855,  1974.  The  paper  was  presented  at  the  1973  INTERMAG  and 
1974  National  Computer  Conf. 

Note:  Underlined  references  are  included  in  the  reprint  sections  of  this  volume. 
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[74NLB]).  Fault-tolerant  organizations  for  large-capacity  small-device  memories  have  been 
considered  by  Naden  and  West  [74NW]  and  Bailey  and  Reekstin  [74BR]. 

While  substantial  progress  has  been  made  towards  the  early  realization  of  bubble  memory  products 
as  mentioned  above  via  106  bit/in2  density  devices,  equally  impressive  progress  is  being  reported 
for  achieving  higher  density  devices,  aiming  at  lower  cost  and  broader  applications.  By  using 
sub-micron  bubble  diameter  garnet  films,  and  3KA  wide  patterns  shaped  by  electron-beam 
lithography,  Hu  et  al.  [73HHGP]  have  obtained  6.7  x  107  bit/in2  density  for  a  100-step  shift 
register.  Moreover,  at  a  lower  density  of  107  bits/in2,  but  with  the  combination  of  three  novel 
approaches  --  amorphous  film  (Chaudhari  et  al.  [73CCG]),  electron  beam  lithography  (Chang, 
[74C]),  and  single-level-mask  designs  (Bobeck  et  al.  [73BDRS]  -*  the  device  operation  of  an  8,000 
bit  chip  has  been  reported  by  Kryder  et  al.  [74KAAKP]. 

Progress  on  amorphous  film  materials  have  been  reported:  ternary  alloys  to  facilitate  materials 
design  (Chaudhari  et  al.  [74CCGKT,  3M],  annealing  behavior  (Kobliska  and  Gangulee  [74KG, 
3M]),  uniformity  consideration  (Kobliska  et  al.  [74KRC,  3M]),  and  magnetic  parameters  (Heiman 
et  al.  [74HOKLG])  and  Kobayashi  et  al.  [74KIM,  3M].  Novel  device  structures  to  achieve  high 
storage  density  are  being  explored;  they  include  gapless  T-bar  structures  (Matsuyama  [74MKS, 
3M]),  gapless  contiguous-disk  structures  (Almasi  et  al.  [74AGHKLS,  3M]),  and  bubble  lattices 
(Voegeli  et  al.  [74VCRS,  3M]).  Exploratory  works  on  new  applications  are  exemplified  by 
switching  network  devices  such  as  time-slot  interchanges  (Chen  et  al.  [74CBS,  3M]),  switching 
matrix  (see  Sec.  3.9),  and  text  editing  systems  ( Lee  and  Chang  [74  LC]). 

The  contents  of  this  chapter  is  summarized  below: 

6.2.  The  bubble  storage  density  is  limited  by  three  factors:  bubble  size,  bubble  spacing,  and 
lithography  capability.  These  limitations  can  be  overcome  by  new  developments  such  as  small- 
bubble  single-level-masking  devices,  bubble-lattice  devices,  and  gapless  structures  (including 
contiguous-disk  devices)  respectively. 

6.3.  In  addition  to  storage-medium  mobility  considerations,  other  factors  influencing  bubble 
memory  speed  include  device  structures,  signal  propagation  methods,  and  memory  organizations. 
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6.4.  Two  design  examples  are  given  to  illustrate  quantitatively  the  influence  of  memory  organiza¬ 
tion  on  memory  speed  and  circuitry  requirements. 

6.5.  The  intrinsic  nature  of  bubble  devices  is  highlighted  to  explain  their  functional  versatility  for 
memory,  switch  and  logic  applications. 

6.6.  The  main  advantage  of  bubbles  over  semiconductors  is  the  higher  density  and  simpler 
fabrication. 

6.7.  The  main  advantage  of  bubbles  over  magnetic  disks  is  the  functional  versatility  at  competi¬ 
tive  cost  per  bit. 

6.8.  Conclusions. 

6.2  Storage  Density 

The  storage  density  is  determined  by  three  factors:  bubble  size,  bubble  spacing  and  lithography 
capability.  The  bubble  size  is  primarily  determined  by  the  storage-medium  characteristics.  The 
bubble  spacing  is  determined  by  the  degree  of  flux  closure  provided  by  the  device  structure. 
Moreover,  the  device  structure  has  associated  with  it  a  ratio  of  overlay  linewidth  to  bubble 
diameter.  With  a  given  lithography  capability,  some  device  structures  can  utilize  much  smaller 
bubbles  (hence  offer  higher  densities)  than  the  others;  for  example,  contiguous-disk  devices  are 
superior  to  T-bar  devices. 

6.2.1.  Bubble  Size 

As  is  well  known,  the  bubble  diameter  is  given  by  d  =  8/  in  a  film  of  optimum  thickness  4/  (/  = 

characteristic  length  =  gw/4ttMs2  =  4(AK)1/2/4ttMs2,  ow  =  wall  energy,  A  =  exchange  constant, 

K  =  uniaxial  anisotropy  constant,  and  4ttMs  =  saturation  magnetization).  Table  I  lists  the  storage 

densities  and  materials  characteristics  of  several  liquid-phase-epitaxy  single-crystal  garnet  films 

and  sputtered  amorphous  alloy  films.  Several  industrial  laboratories  have  produced  6/z  bubble 

diameter  materials  yielding  106  bit/in2  storage  density.  Hu  et  al.  ([73HHGP])  have  reported 

operating  a  100-bit  T-bar  shift  register  at  100  KHz  in  a  material  which  sustains  0.8  /xm  diameter 
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bubbles  giving  a  6.7  x  107  bit/in2  storage  density.  The  high  density  is  made  possible  by  the  high 
magnetization,  4irMs  =  1500  Gauss,  in  (Eu2Y1)Fe5012;  and  also  by  very  narrow  width  for 
permalloy  bars  (4000A)  prepared  by  electron-beam  lithography.  Smaller  bubbles  have  been 
observed  in  materials  with  higher-magnetization  materials:  for  example,  0.43  pm  diameter  in  LPE 
(Eu1Yb2)Fe5012  films  (Plaskett  et  al.  [73PKC]),  and  0.08  (im  (Q  =  Hk/4wMs  <  1  at  present)  to 
0.8  jam  (Q>  1)  diameter  bubbles  in  amorphous  GdCo  films  (Chaudhari  et  al.  [73CCG]).  Since 
the  practical  limit  for  electron  beam  lithography  is  about  4000A  at  present,  the  density  for  bubble 
devices  is  not  limited  by  bubble  diameter  (a  materials  characteristics),  but  rather  by  lithography 
because  the  bar  width  and  gap  width  in  T-bar  devices  must  be  1/3  to  1/2  the  bubble  diameter. 


TABLE  I 


THICKNESS 

Gum) 

STRIPWIDTH 

OR  DIAMETER 
Gum) 

CHAR. 

LENGTH 

(Atm) 

4ttM 

s 

(Gauss) 

A 

(ergs/cm) 

K 

(ergs/ cm) 

H  /4nM 
k  s 

DENSITY 

(bits/in~) 

COMMENTS 

(Sm0.5Y2.5) 

(Ga1.2Fe3.8)0!2 

7.4 

6.7 

.6 

192 

6.0 

I06 

20K-bit  chip 
Bonyhard  &  Geusic 
[73  BG] 

(EU6Y2.4> 

(Ga«.,Fe3.9)0,2 

5.0 

.55 

175 

3  x  10‘7 

6  x  103 

6.0 

6 

1.6  x  10 

1  K-bit  chip 

Bosch  et  al 
[73  BDKRT] 

<EU2Y.)Fe5°,2 

1.8 

0.8 

.06 

1500 

-7 

4x10 

5 

3.5  x  10 

■ 

6.7  x  107 

100  bit  SR, 

Plaskett  et  al. 

[73  PKC] 

(EU.Yb2)Fe5°I2 

0.52 

0.43 

.045 

1600 

-7 

4x10 

2.3  x  105 

2.27 

0.4  (im  bubble 
garnet^), 

Plasket  et  al. 

[73  PKC] 

(Lu  Sm  )Fe  O  ^ 
x  3-x  5  12 

1.5 

0.8 

.05 

1760 

-7 

3.2  x  10 

3  x  105 

■ 

7 

5  x  10 

S.  R. 

Bullock 

[74  BCMB,3M] 

GdCoMo 

1.7 

1.5 

.16 

700 

-7 

5x10 

10  x  105 

■ 

7 

10 

8K  bit  chip 

Kryder  et  al. 
[74KAAKP] 

GdCo 

1.3 

to  2.2 

0.8 

.039 

to  .064 

4000  . 

>1 

0.8  /im  bubble 

GdCo,  Hu  et  al. 

[73  HMGP] 

TABLE  I:  Storage  Densities  and  Materials  Characteristics  for  Single  Crystal  Garnet  and  Amorphous  Alloy  Films 


6.2.2.  Bubble  Spacing 

An  isolated  bubble  is  an  open-flux  configuration  which  seeks  flux  closure  through  its  surrounding. 

With  permalloy  propagation  patterns  on  one  side  of  the  storage  medium,  the  flux  closure  is 

improved.  With  ion-implantion  (Wolfe  et  al  [73WNJSVEF]),  it  is  conceivable  to  have  magnetic 
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propagation  patterns  on  both  sides  of  the  garnet  film.  Moreover,  useful  amorphous  films  seem  to 
require  smooth  substrates,  but  do  not  depend  on  the  substrate  material.  One  may  produce  device 
structures  with  permalloy  patterns  sandwiching  an  amorphous  film.  The  two-sided  structures 
(Fischer  [7 IF])  should  result  in  steeper  field  gradient  to  facilitate  propagation,  and  better  flux 
closure  to  improve  density. 

A  more  dramatic  way  of  improving  storage  density  by  flux  closure  is  the  bubble  lattice  memory 
reported  recently  be  Voegeli  et  al.  [74VCRS,  3M].  The  important  advantages  are:  high  density, 
sparse  lithography  and  metallization,  and  wide  bias-field  margin.  In  the  following,  we  shall  explain 
the  physical  mechanisms  for  storage,  read,  write,  access  and  selection. 

In  the  conventional  T-bar  devices,  bubbles  are  spaced  apart  by  four  bubble  diameters  (4d)  to 
avoid  interaction.  The  area  occupied  by  a  bit  is  16d2.  On  the  basis  that  a  closely-packed  hexago¬ 
nal  bubble  lattice  is  in  a  demagnetized  state  (Sec.  4.4),  it  can  be  deduced  that  the  adjacent  bubbles 
are  1.32d  apart,  and  the  area  occupied  by  a  bubble  is  1.5  d2.  Thus  for  a  given  bubble  size,  a 
bubble  lattice  could  offer  ten  times  higher  bubble  density  than  conventional  T-bar  devices.  Note 
that  this  is  the  highest  bubble  density.  The  bit  or  information  density  could  be  the  same,  or  lower, 
or  higher.  The  bubble  lattice  is  a  demagnetized  state,  which  is  stable  at  zero  bias  field  and  can  be 
sustained  over  a  much  wider  bias  field  range  as  compared  to  an  isolated  bubble. 

The  close  packing  of  bubbles  in  a  lattice  provides  the  opportunity  for  bubble  position  definition 
(stable  storage)  and  bubble  lattice  movement  (access)  with  the  aid  of  rather  sparse  magnetic  and 
conductor  patterns.  When  a  magnetic  energy  barrier  (by  ion  milling,  ion  implantation  or  Si  doping 
of  the  storage  medium,  or  by  permalloy  guide  rail  overlay)  is  fitted  around  a  natural  bubble  lattice 
boundary  (for  instance,  the  outline  of  a  rhombus),  the  hexagonal  lattice  arrangement  can  be 
maintained.  Moreover,  when  a  field  gradient  is  exerted  on  one  or  more  columns  of  bubbles  in  the 
lattice  tp  cause  their  motion,  they  will  in  turn  move  adjacent  columns  of  bubbles  by  their  magneto¬ 
static  force.  As  reported  by  Rosier  et  al.  [74RHHSV,  3M],  to  facilitate  bubble  lattice  movement, 
buffer  zones  are  provided  at  each  end  of  a  lattice  which  contain  parallel  stripe  domains  aligned 
along  the  lattice  translation  direction.  The  parallel  stripe  domains  stretch  or  contract  to  accommo¬ 
date  the  movement  of  the  lattice.  This  is  feasible  since  the  energies  of  the  stripe  domains  and  the 
bubble  lattices  are  nearly  equal  (Sec.  4.2.2). 
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Now  it  remains  to  show  the  coding  means  (how  ONE  or  ZERO  is  represented  in  apparently 
identical  bubbles),  and  write  and  read  means.  The  information  can  be  coded  by  wall  states 
contained  in  bubbles  (Voegeli  and  Calhoun  [74VC]).  More  specifically,  the  presence  or  absence 
of  a  pair  of  Bloch  lines  inside  the  wall  can  be  used  to  represent  ONE  or  ZERO  (Hsu,  [74H,  3M]). 
The  storage  film  has  an  ion-implanted  surface  layer  with  in-plane  magnetization  and  exchange- 
coupled  to  the  layer  below.  A  pulse-modulated  bias-field  can  generate  Bloch-line  free  bubbles,  but 
the  combination  of  a  pulse-modulated  bias-field  and  an  in-plane  field  will  generate  bubbles  with 
one  pair  of  Bloch  lines.  The  two  types  of  bubbles  can  be  differentiated  since  the  former  moves  at 
an  angle  to  the  direction  of  the  field  gradient,  while  the  latter  moves  in  the  direction  of  the  field 
gradient  (see  Fig.  4.5.6  in  Chap.  4;  also  Slonczewski  et  al.  [73SMV]).  Both  types  of  bubbles  are 
stable  in  the  ion-implaned  film  as  long  as  the  wall  velocity  is  below  a  critical  value.  Beyond  the 
critical  value,  only  zero-Bloch-line  bubbles  are  stable.  This  latter  phenomenon  allows  the  reset  of 
ONE  bubbles  (a  pair  of  Bloch  lines)  to  ZERO  bubbles  (no  Bloch  lines). 

6.2.3.  Gapless  Structures  and  Lithography 

Even  though  the  T-bar  devices  (generically  including  Y-bar,  X-bar,  and  chevron  devices)  can  be 
scaled  down  to  achieve  high  density  by  using  small-bubble  materials  and  electron-beam  lithogra¬ 
phy,  the  density  is  probably  limited  at  about  108  bits/in2  (0.6  i u  bubble  diameter)  at  3000A 
linewidth  as  achievable  with  practical  electron-beam  systems.  In  fact,  the  density  is  limited  by 
airgaps  in  the  device  structures  as  well  as  the  lithography  capability.  Before  a  bubble  can  cross  an 
airgap,  it  must  break  up  magnetostatic  coupling  with  the  permalloy  pattern.  Since  the  bubble 
diameter  is  determined  by  (AK)1/2/ttMs2  and  the  magnetostatic  coupling  is  proportional  to  4ttMs, 
smaller  bubbles  require  larger  drive  fields  to  overcome  the  magnetostatic  coupling  (see  Kryder  et 
al  [74KAAKP]). 

Gapless  structures  using  both  overlay  and  underlay  have  been  reported  by  Fischer  [7  IF]  in  devices 

using  bulk-crystal  platelets.  For  epitaxial-film  devices,  a  double-overlay  gapless  structure  has  been 

described  by  Matsuyama  et  al.  [74MKS,  3M].  The  usual  T-bar  patterns  are  decomposed  into 

vertical-bar  and  horizontal-bar  patterns  respectively  in  two  overlays.  The  two  overlays  have 

reduced  gaps,  and  may  also  overlap.  With  1  /xm  wide  bars  at  1  /im  minimum  spacing  between 

adjacent  parallel  bars  (using  photolithography),  1.5  /xm  diameter  bubbles  can  be  propagated 
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(compared  to  3  jim  diameter  bubbles  in  conventional  T-bar  devices).  Good  bias  field  margin  (18 
Oe)  at  low  drive  field  (25  Oe)  have  been  obtained. 


The  contiguous-disk  devices  (Wolfe  et  al.  [73WNJSVEF])  both  eliminates  airgap  and  relaxes 
lithography  requirements.  Although  the  principle  of  device  operation  is  basically  the  same  for 
contiguous  disks  and  T-bars  (see  Fig.  6.2.1),  the  former  uses  fat  magnetic  patterns  to  manipulate 
skinny  bubbles,  while  the  latter  uses  skinny  magnetic  patterns  to  manipulate  fat  bubbles.  At  a 
given  lithography  capability  (e.g.  0.4  /mi),  close  to  1010  bits/in2  could  be  expected  for  contiguous 
disks  while  only  close  to  108  bits/in2  for  T-bars.  Details  of  the  propagation  mechanisms  have  been 
studied  by  Almasi  et  al.  [74AGHKLS,  3M].  The  design  of  a  complete  memory  chip  and  structure 
improvement  will  be  reported  at  the  ’75  INTERMAG  (Lin  et  al.  [75LAHK]  and  Almasi  et  al. 
[75AKL]).  The  basic  requirement  is  to  have  structures  for  all  device  functions  larger  in  dimension 
than  the  bubble  diameter. 

j  4  4  4 

Y-BAR  ^  Jr11 

^|V|VIS*|V 


CONTIGUOUS 

DISKS 


2 


4 


I 


Fig.  6.2.1 .  A  Y-bar  field-access  shift  register  and  a  contiguous-disk  field-access  shift  register. 


6.2.4.  Density  Comparison 

In  Fig.  6.2.2,  the  density  vs.  bubble  diameter  curves  are  shown  for  three  different  device  struc¬ 
tures.  It  is  obvious  that  in  all  structures,  smaller  bubbles  yield  higher  device  densities.  For  a  given 
bubble  size,  the  bubble  lattice  (curve  2)  yields  up  to  10  times  higher  density  than  other  structures 
due  to  its  hexagonal  close  packing.  In  addition  to  available  small  bubble  size,  all  structures  are  also 

eventually  limited  by  available  lithography  dimension.  Given  a  lithography  capability  (w),  the 
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T-bar  devices  (curve  1),  bubble-lattice  devices  (curve  2),  and  contiguous-disk  devices  (curve  3) 
can  respectively  manipulate  bubbles  of  sizes  d  =  2w,  d  =  w,  and  d  =  w/4.  The  horizontal  bars  on 
the  three  curves  indicate  the  achievable  device  densities  as  limited  by  lithography  for  the  three 
structures.  Obviously  with  the  same  lithography  capability,  the  contiguous  disk  device  should  offer 
the  highest  density. 


Fig.  6.2.2  Storage  density  as  a  function  of  bubble  diameter,  bubble  spacing,  and  lithog¬ 
raphy  capability. 


For  a  desired  density,  the  necessary  bubble  diameter  and  linewidth  for  each  device  structure  can  be 
read  from  the  curves.  For  comparison,  both  the  experimentally  achieved  and  theoretically 
predicted  semiconductor  device  densities  are  marked  on  the  right-hand  side.  (Refer  to  Sec.  6.6, 
Comparison  with  Semiconductors.) 

The  quest  for  high  storage  density  is  accompanied  by  several  engineering  problems. 
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1.  Bias  field  alignment:  As  high  magnetization  is  used  to  achieve  high  density  (d  = 
SCAK^/VwMg2),  spurious  nucleation  by  the  self  demagnetizing  field  must  be  prevented  by  high 
anisotropy  field  (Hk/4?rMs  >1)  which  in  turn  results  in  high  bias  field  requirement  (Hbiaf*  Hk/4). 
In  the  meantime,  low-coercivity  is  maintained  to  limit  the  planar  drive  field.  Thus,  a  slight 
misalignment  of  the  bias  field  would  considerably  offset  the  planar  rotating  field.  The  use  of 
exchange-coupled  bias  layers  may  be  a  way  to  overcome  the  difficulty.  See  sec.  2.9. 

2.  Planar  field  amplitude:  Larger  rotating  fields  are  required  for  smaller-bubble  (higher  magneti¬ 
zation)  materials  in  order  to  enable  bubbles  to  overcome  the  magnetostatic  coupling  between 
bubbles  and  permalloy  patterns  to  jump  airgaps.  A  continuous  permalloy  sheet  of  proper  thickness 
and  exchange-coupled  to  the  permalloy  device  structures  may  help  reduce  the  drive  field  (Chen  et 
al.,  U.S.  Patent  3,797,001). 

3.  Small  signals:  Small  bubbles  result  in  small  signals.  Techniques  for  enhancing  the  signals  by 
magnetic  means  will  be  described  in  Sec.  6.3. 

4.  Fabrication  considerations:  Although  airgaps  can  be  reduced  by  overlay /underlay  or  two- 
overlay  structures,  such  structures  will  add  problems  in  mask  alignment. 

5.  Large  capacity  at  high  density:  The  economy  of  integrated  circuits  can  be  accrued  only  when 
high  density  is  accompanied  by  high  storage  capacity.  As  an  example,  $100  can  buy  106  bits  at 
10-2  0/bit.  To  achieve  10  3  0/ bit,  it  is  more  reasonable  to  assume  107  bits  at  $100,  than  106  bits  at 
$10.  Large  capacity  per  chip  will  dictate  more  functions  on  the  chip  so  as  to  limit  interconnections 
and  peripheral  circuits.  See  Sec.  6.5. 


6.3  Speed 

The  speed  of  a  bubble  memory,  as  measured  in  terms  of  data  rate,  access  time,  and  latency  time, 
can  be  improved  by:  (1)  storage-medium  properties,  (2)  device  structures,  (3)  electrical  propaga¬ 
tion  of  signals,  and  (4)  memory  organizations.  While  the  data  rate  is  primarily  a  function  of  the 
storage-medium  properties,  the  access  and  latency  times  are  significantly  influenced  by  the  other 
factors. 
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(1)  Storage-medium  properties 


For  optimumly  designed  propagation  structures,  the  bubble  velocity  is  limited  by  wall-motion 
velocity,  which  is  determined  by  materials  characteristics.  The  bubble  velocity  is  linearly  related  to 
the  field  differential  across  the  bubble  at  low  drive,  and  limited  at  a  peak  value  resulting  from 
distortion  in  wall  configuration  at  high  drive.  The  velocity  of  wall  motion  ( v )  before  wall  distortion 
is  given  by: 


v-.t 

2 


[AH-  ®  HC]  =  g  ,ga  H  /4ttM 

IN  S 


where  /x  =  mobility,  AH  =  field  differential  across  a  bubble,  Hc  =  coercivity,  y  =  gyromagnetic 
ratio,  a  =  damping  constant.  Since  v  is  proportional  to  d,  the  magnetic  parameters,  when  adjusted 
to  achieve  smaller  bubbles  and  higher  densities,  will  also  lead  to  lower  mobilities  (slopes  of  velocity 
vs  field  curves).  Consequently,  contrary  to  expectation,  the  data  rate  (velocity/bit  separation)  at 
low  drive  does  not  increase  with  reduced  bubble  diameters,  but  remains  constant.  In  order  to 
achieve  higher  data  rate,  the  gyromagnetic  ratio  (y),  the  damping  constant  (a),  and  coercivity  (Hc) 
are  to  be  adjusted  by  using  different  materials. 


The  wall-distortion  determined  peak- velocity  appears  independent  of  bubble  diameters 

=  7.1  y  A/hKV2 

where  A  =  exchange  constant,  h  =  film  thickness,  and  K  =  anisotropy  constant.  Hence  the 
peak-velocity  limited  data  rate  (vp/4d)  will  increase  with  smaller  bubbles.  Peak  velocities  on  the 
order  of  104  cm/sec  have  been  observed  in  amorphous  films,  corresponding  to  data  rate  on  the 
order  of  107  bits/sec  for  2/x  diameter  bubbles.  (Kryder  and  Hu  [74KH]).  Henry  et  al.  [74HWE, 
3M]  have  reported  that  velocity  saturation  can  be  eliminated  in  triple-layer  epitaxial  garnet  films, 
where  the  top  and  bottom  layers  have  in-plane  magnetization  thus  creating  90°  capping  walls  to 
prevent  wall  distortion. 


(2A)  Device  Structures  to  Enhance  Signal 

With  proper  design  of  magnetoresistive  sensors,  bubbles  of  2  to  6  /xm  diameters  can  yield  1  to  3 
mV  signals  (Almasi  [72A]).  Although  this  is  adequate  for  the  present  106  bit/in2  density  (6  /xm 
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bubble)  memory  modules,  higher-density  devices  will  require  considerable  magnetic  amplification 
or  more  sensitive  and  expensive  sense  amplifiers  than  those  in  use  today. 

Archer  et  al.  ([72ATGC])  and  Bobeck  et  al.  ([73BDRS])  have  described  structures  which  employ 
more  and  more  chevrons  in  successive  stages  to  stretch  bubbles  transversely  while  they  propagate. 

Since  the  bubbles  are  elongated  gradually,  signal  amplification  is  achieved  while  maintaining  the 
same  bubble  propagation  speed  hence  the  same  data  rate.  These  structures  do  add  to  the  access 
time.  Additional  area  is  also  needed  to  allow  gradual  bubble  elongation  and  then  contraction 
before  return  to  the  storage  loop:  (amplification)2  x  (area  per  bit),  where  the  amplification  is  the 
ratio  of  the  elongated  domain  length  to  the  bubble  diameter.  However,  since  a  sensor  is  typically 
shared  by  104  or  more  bits,  the  added  sensor  area  is  an  insignificant  percentage  of  the  chip  area. 

In  principle,  the  additional  access  time  can  be  eliminated  and  the  additional  area  minimized  by 
using  a  different  amplification  structure  (private  communication  with  Beausoleil  and  Keefe  of 
IBM).  See  Figure  6.3.1.  A  compressor  is  loaded  with  bubbles,  and  magneto-resistors  are  placed 
adjacent  to  the  idlers  and  connected  in  series.  As  the  compressor  receives  a  signal  bubble  at  one 
end,  all  idler  bubbles  are  induced  to  move  and  produce  magnetoresistive  signals  additively.  The 
signal  amplification  is  accomplished  within  one  field  rotation  period,  and  the  additional  area  is 
merely  (amplification)  x  (area  per  bit). 


BUBBLE 


Fig.  6.3.1  Device  structure  to  amplify  signal  while  maintaining  data  rate. 


(2B)  Device  Structures  to  Improve  Data  Rate 

For  field-access  devices,  each  field  rotation  period  can  be  divided  into  four  time  phases.  When 
signal  bubbles  from  four  shift  registers  are  detected  by  one  of  four  magnetoresistors  at  four 
different  time  phases  and  fed  to  one  sense  amplifier  (Figure  6.3.2A),  the  data  rate  is  quadrupled. 
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*  MULTIPLEXING 

TIME  SHARING  OF  COMMON  SENSE  AMPLIFIER 


*  SUBDIVIDING  ARRAY  FOR  MULTIPLEXING 
N 


B 


R/W 


ACCESS  TIME 
DATA  RATE 


5N 

R 


ACCESS  TIME  ~1.5N 
DATA  RATE  ~4R 


Fig.  6.3.2  (A)  Data  rate  improvement  by  time  sharing  of  one  sense  amplifier  by  four  shift 

registers.  (B)  Access  time  improvement  by  dividing  an  array  for  multiplexing. 


In  a  memory  array  with  N2  bits,  arranged  into  N/4  shift  registers  each  with  4N  bits,  (see  Figure 
6.3.2B),  the  access  time  is  proportional  to  5N  and  the  data  rate  is  R.  When  the  array  is  divided 
into  four  quarters  with  the  magnetoresistors  located  at  the  center,  and  each  quarter  consisting  of 
N2/4  bits  arranged  into  N/4  shift  registers  each  with  N  bits,  the  access  time  is  proportional  to 
1.5N  and  the  data  rate  is  4R  after  time  multiplexing. 

(3)  Electrical  propagation  of  Signals 

Bubbles  are  both  the  holders  and  conveyors  of  information.  This  dual  role  facilitiates  chip 
organization,  data  manipulation,  and  logic  operation.  However,  it  is  also  attended  by  the  disad¬ 
vantage  of  bubble  propagation  delay  which  is  roughly  proportional  to  (bit  capacity)1/2,  and 

becomes  excessive  for  large  arrays.  To  restrict  this  delay,  the  array  size  must  be  limited.  For  a 
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large-capacity  chip,  it  must  be  organized  into  a  number  of  smaller  arrays  each  accessible  by 
electrical  signals.  The  task  of  subdividing  a  chip  into  many  arrays  without  increasing  significantly 
the  interconnections  and  peripheral  circuits  is  made  possible  by  memory  organization  techniques, 
particularly  the  coincident  selection  scheme. 


(4)  Memory  Organizations  (see  Sec.  3.3) 

Both  the  major/minor  loops  and  on-chip  decoders  permit  the  organization  of  a  large-capacity 
array  into  many  short  shift  registers  which  share  interconnections  and  read  and  write  circuits.  The 
short  length  as  well  as  the  random  access  capability  of  the  shift  registers  dramatically  reduces  the 
access  and  latency  times.  Moreover,  both  organizations  enable  the  large-area  chip  to  be  divided 
into  many  smaller  arrays  which  also  share  interconnections  and  read  and  write  circuits.  Signal 
transmission  by  slow  bubble  propagation  is  only  limited  within  the  small  arrays  while  fast 
electrical-signal  propagation  is  utilized  outside  the  arrays.  Circuit  and  interconnection  sharing  is 
based  on  the  property  that  only  after  transfer  or  decoding  operation,  can  the  read  or  write 


LONG  SHIFT  REGISTER 


SEPARATE  SHORT 
SHIFT  REGISTERS 


Fig.  6.3.3  Access  time  improvement  by  memory  organizations. 
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operation  be  performed,  thus  enabling  a  two-step  coincident  selection  scheme.  A  further  reduc¬ 
tion  of  access  time  is  achieved  by  the  dynamic  ordering  of  data  which  automatically  makes  more 
frequently  used  data  more  readily  accessible. 


6.4  Design  Examples 

Two  design  examples  are  given  in  Table  II  to  emphasize  the  salient  features  of  memory  organiza¬ 
tion  techniques.  In  the  first  example,  16K  bits  are  arranged  into  128  minor  loops,  each  with  128 
bits  and  linked  by  a  common  major  loop.  Only  6  interconnection  pins  and  4  circuits  are  required 
for  this  chip  due  to  the  use  of  the  major  loop.  The  maximum  access  and  latency  times  are  both  128 


TABLE  II 


DESIGN  EXAMPLE  1 


16,384  BITS 

MAJOR/MINOR  LOOPS 
128  S.R.  EACH  WITH  128  BITS 


T 


ACC 


128  T 

R 


T 


LAT 


128  Tr 


PINS 


SEMICONDUCTOR 

CIRCUITS 


GENERATOR 

ANNIHILATOR 

TRANSFER 

SENSOR 

GROUND 


(WRITE)  1 

(CLEAR)  1 

(SELECT)  1 

(READ)  2 

1 


1 

1 

1 

1 


TOTAL  6  4 

DESIGN  EXAMPLE  2 

268,435,456  BITS 

COINCIDENT  SELECTION  FROM  16  x  16  BLOCKS 
EACH  BLOCK:  MAJOR/MINOR  LOOPS 

1024  S.  R.  EACH  WITH  1024  BITS 


T 

ACC 

1024  T 

T 

LAT 

1024  T 

R 

PINS 

SEMICONDUCTORS 

CIRCUITS 

GENERATOR 

16 

16 

ANNIHILATOR 

16 

16 

TRANSFER 

16 

16 

SENSOR 

GROUND 

2x16 

1 

16 

TOTAL 

81 

64 

210 


CHAPTER  VI.  PERSPECTIVE 


Tr  (Tr  =  field  rotation  period)  due  to  the  short  length  of  the  minor  loops.  In  the  second  example, 
the  chip  contains  268  M  bits.  If  it  were  arranged  in  a  single  array  of  major/minor  loops,  the 
interconnections  and  circuits  would  remain  6  and  4  respectively  but  the  access  and  latency  times 
would  be  16,384  TR  (e.g.,  16  ms  for  TR  =  1  /zs),  which  would  not  offer  speed  advantage  over  a 
mechanically-accessed  magnetic-disk  file.  Therefore,  the  chip  is  divided  into  smaller  arrays 
arranged  into  16  rows  and  16  columns.  Within  each  array  of  106  bits,  the  bits  are  organized  in 
major/minor  loops,  resulting  in  1024  TR  for  access  and  latency  times.  The  arrays  in  each  column 
are  connected  by  a  single  transfer  line  while  the  arrays  in  a  row  are  connected  by  single  sense, 
clear,  and  write  lines.  The  interconnection  and  circuit  counts  are  respectively  81  and  64.  Thus  we 
have  increased  the  capacity  by  1.6  x  104  times,  with  the  access  time  increased  only  by  a  factor  of  8, 
and  the  circuits  and  interconnections  increased  by  a  factor  of  16. 

The  density  and  speed  capabilities  will  now  be  summarized  together  to  provide  a  basis  for 
comparison  with  other  technologies  and  to  assess  possible  applications  for  the  bubble  technology. 
Refer  to  Figure  6.4.1.  Possible  densities  for  bubble  devices  range  from  106  to  1010  bits/in2.  In 
order  to  share  the  costs  of  interconnections,  circuits  and  packaging,  the  chip  capacity  must  be 
increased  with  the  density. 


Fig.  6.4. 1  Density  vs.  access  time  curves  for  buble  memory  chips. 

As  a  starting  point,  consider  a  1  in2  area  chip  with  106  bits  at  106  bit/in2  density,  and  105  bits/sec. 

shift-register  data  rate.  When  organized  into  103  shift  registers  each  with  103  bits  in  a 

major/minor  loop  configuration,  the  access  time  (maximum)  is  20  ms.  Now  let  us  increase  the 
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chip  capacity  in  proportion  to  the  density,  thus  maintaining  a  constant  area.  A  100-fold  increase 
in  density  or  chip  capacity  means  a  10-fold  increase  in  access  time,  as  indicated  by  the  slanted  line 
labelled  " single  array”.  However,  the  chip  can  be  divided  into  many  106-bit  arrays  with  each  array 
in  major/minor  loops,  and  the  arrays  connected  according  to  the  coincident  selection  scheme. 
Then  within  each  array  the  access  time  is  still  20  ms,  while  the  delay  incurred  from  an  array  to  an 
input/ output  pin  due  to  electrical  signal  propagation  is  negligible,  resulting  in  a  net  access  time  of 
20  ms  regardless  of  the  chip  capacity  (as  indicated  by  the  vertical  line  labelled  modular  arrays). 
When  higher  data  rate  (by  higher  mobility),  parallel  shift  registers,  and  dynamic  ordering  are 
added  successively,  the  access  time  is  further  reduced  as  shown  by  the  various  lines  in  the  figure. 
Note  that  the  benefit  of  dynamic  ordering  depends  on  the  nature  of  data  in  storage.  Only  a  modest 
gain  of  10  is  assumed  in  the  figure. 

To  allow  a  comparison  of  the  bubble  technology  with  other  technologies,  the  capabilities  of  core 
and  semiconductor  memories  and  the  mechanical  files  (drums,  disks,  strips,  and  tapes)  are  also 
indicated  in  Figure  6.4.1.  The  description  is  necessarily  sketchy,  but  the  same  degree  of  optimism 
is  exercised  for  all  technologies.  Semiconductors  and  bubbles  at  the  same  density  and  same  chip 
size  will  offer  reasonably  comparable  cost  per  bit.  However,  bubbles  will  offer  lower  cost  due  to 
simpler  processing.  Crudely  speaking,  the  cost  per  bit  for  the  mechanical  files  will  be  ten  times 
cheaper  than  bubbles  at  the  same  storage  density. 

Cores  are  being  displaced  by  semiconductors  in  fugure  products  due  to  the  increasing  density  and 
chip  modularity  of  semiconductors.  At  densities  higher  than  106  bits/in2,  semiconductors  are  also 
going  to  displace  fixed-head-file  (FHF)  disks  and  drums  when  non-volatility  is  not  a  critical  issue. 
As  for  bubbles  (a  modular  non-volatile  memory),  the  application  of  FHF  replacement  perhaps 
provides  an  opportunity  for  an  early-entry  product.  The  projected  very  high  density  suggests  that 
large-capacity  files,  which  at  present  employ  disks,  may  become  a  very  attractive  application.  The 
short  access  time  will  eliminate  the  ’’file  gap”  problem. 

6.5  Functional  Capabilities 

The  versatility  of  bubble  devices  and  the  wide  range  of  their  possible  applications  have  been 
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covered  respectively  in  Chapters  2  and  3.  We  shall  highlight  the  intrinsic  nature  of  bubble  devices, 
which  not  only  explains  their  present  applications,  but  also  provides  clues  for  future  exploration. 

Memory.  The  manipulation  of  bubbles  provides  all  the  functions  required  for  integrated  memory 
chips  --  storage  (bubbles  or  voids),  write  (controlled  replication),  read  (detection  of  emanated 
flux),  access  (propagation),  selection  (switch),  and  amplification  (elongation).  Moreover,  bubbles 
are  not  only  non-volatile,  but  also  amenable  to  removing  the  storage  media  from  the  memory 
module.  The  availability  of  switch  and  logic  functions  offers  the  possibility  of  associative  memo¬ 
ries,  logic  arrays  and  functional  memories. 

Switch.  While  all  bits  (bubbles  and  voids)  can  be  propagated  by  a  single  rotating  field,  individual 
bits  of  selected  locations  can  be  guided  by  localized  field  gradients  into  alternative  paths.  The 
switch  action  can  be  provided  by  current  loops  or  properly  trapped  bubbles.  Switches  are 
extensively  used  in  all  bubble  memory  organizations. 

The  combination  of  the  abilities  to  steer  bubbles  and  to  freeze  bubbles  temporarily  at  given 
locations  allows  data  re-arrangement.  Proposed  applications  include  dynamic  reordering  of  data, 
and  text  editing.  Data  sorting  and  data  management  applications  are  also  evolving. 

The  synchronized  spatial  motion  of  bubbles  on  a  chip  results  in  coordinated  time  relationship 
among  them.  This  is  the  basis  for  various  switching  network  applications  (Sec.  3.9). 

Since  a  properly  entrapped  bubble  can  guide  the  path  of  a  bubble  stream,  data  as  a  result  of 

previous  information  processing  steps  can  be  used  to  control  subsequent  information  processing 
steps.  This  is  the  basis  of  personalization  after  hardware  fabrication  as  well  as  dynamic  program¬ 
ming  on  the  chip. 

Logic.  Bubbles  are  intrinsically  digital,  and  require  no  signal  shaping  or  amplification  between 
successive  logic  operations.  The  shift  registers  lend  themselves  readily  to  pipeline  operation, 
yielding  useful  results  during  each  rotating-field  cycle.  Since  bubble  devices  are  non-volatile,  the 
data  retentivity  enables  bubbles  to  store  intermediate  results  as  well  as  to  serve  as  parametrizing 
agents  in  personalizable  logic  devices.  All  bits  on  a  chip  are  activated  during  each  cycle  of  field 
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rotation.  This  high  degree  of  activity  at  present  is  largely  wasted  in  memory  chips  where  the 
maximum  sharing  of  peripheral  circuits  and  interconnections  is  the  primary  design  concern.  The 
use  of  the  high  degree  of  activity  for  simultaneous  data  processing  at  all  bit  locations  without 
additional  requirements  of  power  or  external  circuits  offers  a  very  tantalizing  challenge. 


6.6  Comparison  with  Semiconductors 

Given  that  both  bubbles  and  semiconductors  are  integrated-circuit  technologies,  the  relative 
complexity  in  device  fabrication  can  be  assessed  in  terms  of  the  complexity  in  planar  configura¬ 
tions  (particularly  the  line  width  w)  and  the  number  of  processing  steps  (particularly  the  number  of 
masking  steps).  One  convenient  measure  of  the  efficiency  of  device  design  is  to  express  the  area 
of  a  cell  in  units  of  w2: 

TABLE  III 


CELL  AREA 

PRESENT  DENSITY  (bits/in2) 

POTENTIAL 

DENSITY 

(bits/in^) 

2 

6 

8 

MOSFET 

30-50 w 

8  x  10 

(Yu  et  al.  [73  YDCH])  * 

1.3  x  10 

T-bar  Bubble 
devices 

2 

64  w 

6.7  x  107  r 

(Hu  et  al.  [73HHGP]) 

6.7  x  107 

2 

7 

9 

Bubble  Lattice 

3.2  w 

10 

(Voegeli  et  al.  [74  VCRS, 3M]) 

10 

2 

6 

Contiguous-disk 
bubble  devices 

w 

10 

(Wolfe  et  al.  [73WNJSVF]) 

4x10 

The  potential  densities  are  based  on  the  practical  limit  of  electron  beam  lithographies,  In  integrated 
structures,  the  yield  of  the  complete  structure  results  from  the  product  of  the  yileds  of  the 
successive  steps.  Obviously  the  fewer  the  processing  steps  are,  the  higher  the  overall  yield 
becomes.  In  MOSFET  typically  five  masking  steps  are  needed.  By  contrast,  the  conventional 
T-bar  devices  require  three  photoresist  masking  steps,  and  recently  Bobeck  et  al  ([73BDRS])  have 
evolved  a  one-mask  overlay  design.  In  addition,  it  should  be  observed  that  the  structures  for 
bubble  devices  are  merely  overlays,  while  the  structures  for  semiconductor  devices  are  integrated 
into  the  Si  medium.  One  may  conclude  that  bubble  devices  are  intrinsically  and  significantly 
simpler  in  structure  and  fabrication  as  compared  to  the  MOSFET  devices. 

*This  reference  appears  at  the  end  of  this  Chapter. 
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The  potential  density  for  semiconductor  devices  is  consistent  with  the  prediction  by  Hoeneisen  and 
Mead  ([72HM]).  They  considered  the  physical  phenomena  which  will  ultimately  limit  circuit 
miniaturization  of  MOS  field-effect  planar  transistors  with  Si  substrate  and  Si02  dielectric,  and 
concluded  that  the  potential  densities  for  dynamic  or  complementary  MOS,  read-only  memory 
cells,  and  charge-coupled  devices  are  respectively  at  2  x  108,  6  x  108  and  8  x  108  devices/in2. 

6.7  Comparison  with  Magnetic  Disks 

The  magnetic  disks  have  offered  large-capcity  on-line  read/ write  storage  with  attractive  cost  and 
reasonable  speed.  For  fast-access  fixed  head  disk  files,  the  capacity  is  in  the  range  of  107  to  108 
bits,  and  the  access  time  is  in  the  range  of  5-50  ms.  For  large-capacity  movable-head  disk  files,  the 
capacity  is  in  the  range  of  109  to  1010  bits,  and  the  access  time  is  in  the  range  of  20  to  300  ms. 
From  its  very  inception,  the  bubble  technology  has  been  heralded  as  a  solid-state  device  to  replace 
disk  files.  Note  that  the  state-of-the-art  bubble-memory  modules  functionally  and  cost-wise  can 
only  be  compared  with  fixed-head  disk  files.  However,  the  projected  high-density  bubble  devices 
may  indeed  impact  large-capacity  files. 

Disk  files  have  become  the  dominant  large-capacity  storage  (Harker  and  Chang  [72HC])*due  to  its 
low  cost,  which  is  achieved  through  the  large  number  of  bits  in  the  inexpensive  storage  medium 
(e.g.,  109  bits  on  12  disks  in  the  IBM  3330  disk  file)  sharing  the  expensive  mechanical  drive, 
servomechanism,  channel  electronics,  control  units,  etc.  The  large  number  of  bits  on  disks 
mounted  on  the  same  spindle  is  made  possible  by  high  storage  density.  As  a  disk  is  rotated,  the 
bits  along  a  circumferential  track  are  made  accessible  to  the  read  and  write  heads.  Three  geometri¬ 
cal  dimensions  are  crucial  in  determining  the  linear  recording  density:  the  gap  length  of  the  head, 
the  head-to-medium  separation,  and  the  medium  thickness.  As  a  rule  of  thumb,  the  three 
dimensions  are  comparable,  and  their  sum  is  the  linear  bit  dimension.  For  example,  at  20,000 
bit/in  linear  density,  the  linear  bit  dimension  is  5  x  10"5  in  (50  /zin,  1.27  fim,  or  12,700A),  and 
approximately  the  gap,  the  separation,  and  the  thickness  are  all  only  4,230A.  Thus  thin-film  heads 
and  disks  become  candidates  to  fulfill  the  exacting  dimensional  requirements;  and  smooth  surface, 
continuous  air  flow,  and  clean  ambient  become  essential  to  ensure  a  constant  separation.  To 
achieve  such  technical  objectives  is  no  small  task,  which  encourages  more  tolerant  thoughts 
towards  exploring  competing  new  technologies. 

*This  reference  appears  at  the  end  of  this  Chapter. 
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To  compare  the  disk  storage  medium  with  the  bubble  storage  medium,  the  former  needs  only  to 
offer  its  intrinsic  storage  capability  and  relegates  the  access,  read  and  write  functions  to  other 
components  in  a  disk  file;  while  the  latter  must  have  device  structures  built  into  the  chip  to  provide 
all  of  the  storage,  access,  read  and  write  functions.  Naturally,  the  latter  would  be  more  expensive 
to  fabricate,  on  a  per-unit-area  basis.  In  order  to  compete  with  magnetic  disks  on  a  cost-per-bit 
basis,  bubbles  must  attain  higher  storage  density  (ten  times  or  more). 

In  comparison  with  solid-state  devices,  mechanically-accessed  magnetic  disks  offer  satisfactorily 
high  data  rate,  but  unsatisfactorily  slow  access  time.  At  14"  disk  diameter,  20,000  bits/in.,  and 
3000  rpm,  the  data  rate  is  42  x  106  bits/sec.  The  rotation  period  or  the  latency  time  is  20  ms.  To 
select  a  track  by  moving  the  arm  carrying  the  slider  and  head,  the  access  time  ranges  from  tens  to 
hundreds  of  ms.  Bubble  devices  do  not  offer  high  data  rate;  0.1  MHz  in  practical  devices  now,  and 
potentially  10  MHz  in  future  devices.  However,  the  ability  to  switch  data  electronically  from  one 
shift  register  to  another  permits  great  flexibility  in  memory  organization  to  achieve  real  or  effective 
access  time  as  low  as  tens  to  hundreds  of  microseconds. 

If  and  when  bubbles  become  competitive  with  disks  in  terms  of  cost  per  bit,  then  all  of  the  system 
applications  which  require  non-volatilitiy,  rewriteability,  and  on-line  and  off-line  storage,  can 
employ  bubble  files  rather  than  disk  files.  The  absence  of  mechanical  motion  will  make  bubble 
files  more  reliable.  Since  bubbles  do  not  critically  depend  on  extremely  large  module  capacity  for 
low  cost  per  bit,  bubble  memories  and  storages  can  offer  a  wider  range  of  capacities.  Through 
memory  organization,  much  faster  access  time  is  obtainable  with  bubble  files.  Moreoever,  the 
various  parts  in  a  bubble  file  can  operate  synchronously  or  asynchronously.  Bubble  files  can  have 
their  own  bubble  memories,  perhaps  even  integrated  onto  the  same  chips,  in  contrast  to  disk  files 
employing  core  memories  with  complicated  channel  electronics  in  between.  The  switching  and 
logic  capabilities  can  be  used  for  data  arrangement  as  well  as  pre-processing  before  transfer  to  a 
memory. 

6.8  Conclusions 

Packaged  bubble  memory  chips  offer  106  bits/in2  density.  Experimental  shift  registers  approach 
108  bit/in2  density.  Moreover,  simultaneous  improvement  in  materials,  device  structure,  and 
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lithography  could  lead  to  storage  density  as  high  as  109  to  1010  bits/in2.  Both  in  terms  of  current 
experimental  devices  and  theoretical  predictions,  bubbles  offer  ten  times  higher  density  than 
semiconductors.  In  addition,  bubbles  may  use  only  one  masking  step  while  FET  devices  require 
five. 

Packaged  bubble  memory  chips  operate  at  105  bit/sec  data  rate  or  faster.  Improved  materials  are 
expected  to  yield  107  bit/sec  data  rate.  Memory  organization  techniques  such  as  on-chip  decoders 
or  major/ minor  loops,  when  aided  by  dynamic  ordering  or  coincident  selection  could  lead  to  access 
time  order-of-magnitude  shorter  than  the  10  ms  for  the  fast  disk  files. 

Semiconductors  offer  great  functional  versatility  to  be  a  self-sufficient  technology;  high  speed  to 
yield  tremendous  processing  power;  and  integrated-circuit  fabrication  to  permit  low-cost,  reliable, 
and  convenient  packaging. 

Bubbles  do  have  memory,  switching,  and  logic  capabilities.  Therefore,  bubbles  far  surpass  any 
other  magnetic  technology  in  approaching  the  functional  versatility  of  semiconductors.  Bubble 
logic  devices  so  far  have  received  little  attention  from  the  experimentalists.  Nevertheless,  the 
possibility  of  universal,  re-writeable,  multiple-input  devices  suitable  for  higher-level  functions  and 
array  logic  is  quite  obvious.  Thus  bubbles  are  potentially  capable  of  reaping  the  full  advantage  of 
integrated  circuits  such  as  enjoyed  by  semiconductors,  including  density  and  speed,  functional 
versatility,  batch  fabrication,  and  convenient  package. 


Magnetic  disks  offer  non-volatility,  re-writeability,  and  on-line  or  off-line  storage.  So  do  bubbles. 
The  very  low  cost  of  disks  makes  very  large  capacity  affordable  (say  1010  bits).  Actually,  the  other 
way  is  also  true;  viz.  the  large  capacity  makes  low  cost  possible,  by  amortizing  expensive  peripher¬ 
al  components  against  many  bits.  Magnetic  bubbles  require  more  expensive  materials  and 
complicated  structures  than  disk  devices.  Hence  bubbles  will  impact  disk  files  only  when  a  density 
advantage  of  a  factor  of  TO  or  higher  is  achieved.  However,  bubbles  are  modular,  fast  (millisecond 
or  sub-millisecond  access  time),  and  offer  large  data  bandwidth  by  connecting  chips  in  parallel.  As 
the  bubble  technology  matures  to  impact  the  disk  files,  it  may  well  change  today’s  memory 
hierarchy  because  it  can  and  therefore  it  will  incorporate  memory,  data  manipulation,  and  data 
processing  on  the  same  chip. 
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SOLID-STATE  PHYSICS  AND  MAGNETIC  BUBBLE 
TECHNOLOGY 


Magnetic  bubble  technology  offers  a  radical  new  way  to  store  information 
in  thin,  transparent  magnetic  crystals  and  to  perform  logical  operations  by 
the  controlled  motion  of  magnetic  bubbles  over  the  crystal.  An  important 
incident  in  the  development  of  these  novel  memory  and  logic  devices  was 
an  encounter  between  scientists  and  a  group  of  engineers  at  Bell  Telephone 
Laboratories  one  day  in  March  1966.  This  story  (presented  later  in  this 
section)  illustrates  in  a  striking  way  how  research  conducted  for  many 
years  in  search  of  a  basic  understanding  of  magnetism  was  able  to  provide 
the  essential  key  to  a  new  and  important  technology. 

Man  lives  in  a  crowded,  turbulent  world.  To  survive,  his  complex,  urban 
civilization  must  process  enormous  masses  of  information  for  business, 
government,  and  industry.  Much  of  this  processing  is  performed  by  fast 
digital  computers  that  have  electronic  memories  of  great  capacity.  Their 
memory  is  measured  in  bits,  or  the  ability  to  store  one  yes  or  no  answer.  A 
modern  computer  may  have  a  total  high-speed  capacity  of  more  than  107 
bits*  and  a  lower-speed  memory  much  larger  than  this.  The  computer  not 
only  has  to  store  information  but  must  process  the  information  by  per¬ 
forming  arithmetical,  algebraic,  or  logical  operations.  In  fast  computers, 
information  can  be  manipulated  at  rates  of  more  than  108  bits  per  second. 
Very  similar  problems  occur  in  the  communications  industry.  The  central' 
offices  of  the  telephone  system,  where  telephone  calls  are  now  switched 
electronically,  require  large  memories  that,  within  10  years,  might  require / 
the  storage  of  as  much  as  107  or  108  bits.  In  this  case,  the  required  re¬ 
trieval  speed  is  generally  not  so  great  as  that  for  the  core  memory  of  a 
large  general-purpose  computer,  but  permanence  of  memory  in  case  of 
power  failure  is  very  important. 

A  modern  computer  has  a  hierarchy  of  memories  arranged  in  order  of 
increasing  capacity  but  decreasing  speed.  The  fastest  memories  are  con¬ 
structed  from  an  array  of  tiny  semiconductor  diodes  and  transistors.  Such 
a  memory  is  backed  up  by  a  memory  made  from  very  small  magnetic  rings 
or  cores  about  2/100  of  an  inch  in  diameter,  arranged  in  a  square  array  and 
cross  threaded  by  wires.  The  cores  can  be  magnetized  in  one  sense  or  the 
other  around  the  ring,  corresponding  to  one  bit  of  information.  The  core 
memory,  in  turn,  is  backed  up  by  a  magnetic  disk  file,  which  is  simply  a 
large  magnetic  disk  rotating  continuously  at  high  speed.  Information  is 
stored  on  the  disk  in  small  magnetized  spots  as  it  rotates  beneath  a  record¬ 
ing  head.  It  can  be  consulted  later  by  a  separate  readout  head.  Most  of  the 
data  processing  is  carried  out  by  the  core  memory,  which  can  store  about 
107  bits  of  information  or  more,  with  a  cycle  time  (the  time  required  to 


*  A  large  book  stores  about  107  bits  of  information. 


Reprinted  with  permission  from  Physics  in  Perspective,  vol  .  II,  Part  A:  'The  Core  Subfields  of  Physics," 
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put  information  in  the  memory  and  read  it  out)  of  a  microsecond.  A 
memory  of  this  size  would  occupy  a  volume  of  several  hundred  cubic 
inches.  The  disk  file  is  ten  times  slower,  since  it  takes  about  10  jusec  to  read 
out  a  bit  of  information  stored  on  the  memory  disk.  A  still  larger  and 
slower  memory  stores  information  on  magnetic  tapes  similar  to  those  used 
in  an  ordinary  tape  recorder.  A  typical  tape  memory  has  an  access  time  of 
tens  of  second  but  a  capacity  of  108  bits  on  a  single  reel  of  tape.  With  its 
associated  control  equipment,  it  can  occupy  a  volume  of  several  cubic  feet. 

Magnetic  bubble  memories  may  replace  both  the  core  and  disk  file 
memories  in  computers  and  electronic  central  offices  and  interface  directly 
with  fast  semiconductor  memories.  They  may  prove  to  be  a  very  fast,  com¬ 
pact,  and  inexpensive  way  to  store  and  process  data. 

The  magnetic  bubbles  are  tiny  cylindrical  regions  of  reversed  magnetiza¬ 
tion,  as  small  as  2/10,000  of  an  inch  in  diameter,  that  can  be  formed  in 
thin  crystals  of  a  magnetic  oxide  of  iron  and  a  rare-earth  metal  such  as 
yttrium.  In  one  form,  the  memory  may  consist  of  plates  about  1  inch 
square  and  5/10,000  of  an  inch  thick  that  can  store  104  bubbles,  each  rep¬ 
resenting  one  bit  of  information.  Other  forms  of  the  memory  may  be 
able  to  store  as  many  as  106  bubbles  per  square  inch  on  crystals  4/10,000 
of  an  inch  thick.  The  bubbles  can  be  moved  around  on  the  crystals  in  a 
precise  pattern  by  evaporated  metal  control  circuits  to  process  the  stored 
information.  They  can  be  generated,  replicated,  and  erased  to  carry  out 
various  logical  operations  and  their  presence  or  absence  detected  electri¬ 
cally.  In  this  technology  the  storage  and  logic  functions  are  combined  at 
a  great  reduction  in  cost,  and  the  energy  required  to  move  a  bubble  is  only 
a  fraction  of  that  needed  to  switch  a  transistor.  A  storage  memory  has 
been  visualized  that  will  hold  1.5  X  107  bits  of  information  in  one  or  two 
cubic  inches  and  will  be  operated  by  10  W  of  power. 

3.8.1  The  Technological  Background 

In  crystals  of  certain  anisotropic  magnetic  materials,  the  magnetization 
of  any  small  region  lies  along  a  particular  direction  or  axis  in  the  crystal. 
When  the  crystal  is  completely  magnetized,  all  the  magnetization  points 
in  the  same  direction  along  the  axis.  In  the  perfectly  demagnetized  state, 
on  the  other  hand,  some  regions  of  the  crystal  are  magnetized  in  one  direc¬ 
tion  along  the  axis,  while  other  regions  of  equal  volume  are  magnetized  in 
the  opposite  direction.  The  net  magnetization  is  therefore  zero.  A  con¬ 
nected  region  in  which  the  magnetization  has  a  common  direction  is  called 
a  domain,  and  the  boundaries  between  different  regions  are  called  domain 
walls. 

Beginning  about  1958,  efforts  were  made  in  several  laboratories  in  the 
United  States  to  perform  memory  and  logic  functions  by  shifting  magnetic 
domains  along  a  magnetic  wire  or  surface.  A  domain  wall  shift  register  was 
constructed  by  Broadbent  of  Hughes  Aircraft  Company  that  moved  do¬ 
mains  in  thin  magnetic  films,  and  domains  were  shifted  along  magnetic 
wires  by  Irons  at  the  U.S.  Naval  Ordnance  Laboratory  and  by  Bobeck  and 
Gianola  at  Bell  Telephone  Laboratories.3  2  These  wires  were  eventually  ar¬ 
ranged  in  close-spaced  arrays  on  an  insulating  substrate,  and  the  concept 
began  to  emerge  that  domains  on  adjacent  wires  could  interact  or  be  trans¬ 
ferred  from  wire  to  wire  to  carry  out  logical  operations.  These  arrays  of 
wires  have  not  yet  found  commercial  acceptance,  but  they  left  an  impor¬ 
tant  residue  of  interest  in  the  motion  of  domains  in  two  dimensions. 

A  second  important  part  of  the  technological  background  was  the  work 
of  Bobeck  et  al.3  3  on  a  magnetic  structure  known  as  the  waffle  iron.  It 
consisted  of  a  grid  made  of  soft  (that  is,  easily  magnetized)  magnetic  ma¬ 
terial  looking  like  a  very-small-scale  waffle  iron,  with  only  1/100  of  an 
inch  or  so  between  elements  of  the  grid.  Wires  were  laid  in  the  grooves  and 
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a  plate  of  magnetizable  material  placed  on  top.  Information  was  stored  in 
the  plate  by  magnetizing  currents  running  through  the  wires.  The  waffle- 
iron  memory  was  intended  to  be  an  improvement  over  core  memories,  but 
advances  in  the  fabrication  of  core  memories  have  so  far  prevented  the 
waffle  iron  from  becoming  economically  acceptable. 

The  waffle-iron  structure,  however,  led  to  experiments  of  quite  a  differ¬ 
ent  kind.  Early  in  1966,  P.  Michaelis,3  4  working  with  Bobeck,  showed  that 
a  thin  permalloy  film  laid  on  the  waffle  iron  could  sustain  single  large  re¬ 
verse  domains  with  the  magnetization  lying  in  the  plane  of  the  film.  Perm¬ 
alloy  is  a  soft  magnetic  material,  and  it  was  found  that  the  domain  could 
be  moved  intact  over  the  surface  in  two  dimensions  by  manipulating  the 
magnetizing  currents  in  the  wires.  However,  important  difficulties,  such  as 
their  large  size,  the  slowness  with  which  they  moved,  and  an  anisotropy  in 
their  motion,  stood  in  the  way  of  the  use  of  these  domains  in  a  memory 
application.  At  this  time  H.  E.  D.  Scovil  was  very  interested  in  the  techni¬ 
cal  possibilities  of  reversed  domains  and  brought  these  problems  to  the 
attention  of  Shockley,  who  consulted  at  Bell  Laboratories  a  few  days  each 
month.  It  was  .realized  that  a  material  with  properties  different  from  perm¬ 
alloy  was  needed;  in  fact,  the  hypothetical  properties  that  were  needed 
were  quite  well  understood,  and  a  conference  to  assess  the  possibilities  was 
called  by  Shockley  for  March  22,  1966.  A  possible  material  under  dis¬ 
cussion  was  a  film  of  manganese  bismuth,  MnBi.  H.  J.  Williams  and  R.  C. 
Sherwood  of  the  Bell  Laboratories  research  area  were  expert  on  this  ma¬ 
terial  and  were  asked  to  join  the  conference. 


3.8.2  The  Scientific  Background 

When  they  think  about  magnetism,  many  people  recall  that  a  magnet  will  - 
pick  up  objects  made  of  iron  or  steel  but  has  no  effect  on  other  metals  such 
as  copper,  aluminum,  or  brass.  Indeed  iron,  and  its  neighbors  in  the  periodic 
table-cobalt  and  nickel-are  the  principal  magnetic  metals.  Oxides  of  these 
metals,  however,  are  also  often  magnetic,  and  a  favorite  example  is  mag¬ 
netite,  or  lodestone,  which  is  one  of  the  oxides  of  iron,  Fe304 ,  and  was 
well  known  in  ancient  times.  Magnetic  oxides,  in  contrast  to  the  metals, 
are  often  excellent  insulators  and  in  thin  sections  can  be  quite  transparent 
to  light.  Modern  research  on  ferromagnetic  insulators  begins  with  the  work 
of  J.  Snoek  in  the  Netherlands  in  the  early  193CTs.  After  working  in  secret 
during  the  years  of  German  occupation,  Snoek  announced  in  1 947 3  5  that 
he  could  make  a  ferrite  ferromagnet  with  high  resistivity.  Ferrites  are  oxides 
involving  two  metals  such  as  iron  and  nickel;  they  are  analogous  to  Fe304 
and  have  the  type  formula  NiFe204.  Because  of  their  high  resistivity,  fer¬ 
rites  can  be  used  to  make  transformers  that  operate  at  frequencies  up  to 
108  Hz.  Such  transformers  are  now  vitally  important  in  electronic  circuits 
used  for  communications  and  television. 

The  ferrites  accordingly  were  studied  intensively  after  the  war  in  many 
laboratories  in  the  United  States.  At  Bell  Laboratories  a  long  series  of  ex¬ 
periments  was  carried  out  to  increase  understanding  of  magnetic  proper¬ 
ties  in  terms  of  the  domain  picture.  Williams  took  up  work  on  this  topic  at 
the  suggestion  of  Shockley  shortly  after  World  War  II.  Working  with 
Shockley,36  he  performed  the  classic  experiment  demonstrating  that  the 
domain  theory  gave  a  quantitatively  accurate  description  of  the  magnetiza¬ 
tion  process.  Williams  perfected  many  of  the  techniques  used  in  domain 
observation  and  over  the  years  applied  them  to  hundreds  of  magnetic 
samples.  With  co-workers  he  studied  the  motion  of  domain  walls  in  single 
crystals  of  silicon  iron.37  Domain  wall  motion  experiments  in  single  crys¬ 
tals  of  nickel  ferrite  were  performed  by  Galt  beginning  in  1 95 2 3  8  and  in 
manganese  ferrite  by  Dillon  in  1956.39 
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The  microwave  properties  of  the  ferrites  also  became  of  great  impor¬ 
tance  in  about  1952  because  of  their  potential  application  to  microwave 
communication  systems  and  advanced  radar  systems.40  Fundamental 
work  on  gyromagnetic  resonance,  a  phenomenon  in  which  the  magnetiza¬ 
tion  of  a  crystal  is  made  to  precess  at  microwave  frequencies  about  an  ap¬ 
plied  magnetic  field,  began  in  many  university,  industrial,  and  government 
research  laboratories.  Such  experiments  were  first  reported  by  Griffiths4 1 
in  England  in  1946.  In  1947,  Yager  and  Bozorth42  reported  the  observa¬ 
tion  of  gyromagnetic  resonance  in  a  nickel-iron  ferrite;  in  1954,  Galt  et 
al ,43  reported  the  temperature  dependence  of  ferromagnetic  resonance 
line  width  in  the  same  material;  and  Dillon,  Geschwind,  and  Jaccarino44 
published  their  work  on  gyromagnetic  resonance  of  a  manganese  iron  fer¬ 
rite  in  1955. 

A  major  advance  occurred  in  1956  and  1957  with  the  independent  dis¬ 
covery  of  ferromagnetic  garnets  at  Bell  Laboratories  by  Geller  and  Gilleo45 
and  in  Grenoble,  France,  by  Bertaut  and  Forrat.46  The  ferromagnetic 
garnets  have  the  same  crystal  structure  as  gem  garnets.  They  are  oxides  of 
iron  and  a  rare-earth  metal  such  as  yttrium.  The  best  known  example  is 
yttrium  iron  garnet,  Y3Fe501 2,  usually  designated  YIG.  Nielsen  was  able 
to  grow  good  single  crystals  of  these  compounds,47  and  they  were  quickly 
under  intensive  study  by  Dillon48  in  gyromagnetic  resonance  experiments. 
The  crystal  growth  process  also  produced  large  perfect  crystals  of  another 
related  oxide,  yttrium  orthoferrite  (YFe03).  These  were  weakly  magnetic, 
with  highly  anisotropic  magnetic  properties,  and  were  generally  considered 
then  to  be  of  little  technological  interest  compared  to  the  garnets. 

The  essential  experimental  parameters  of  a  gyromagnetic  resonance  ex¬ 
periment  are  the  microwave  frequency  and  bandwidth  that  will  cause  the 
magnetization  of  a  crystal  to  precess.  The  fundamental  understanding  of 
these  parameters  began  with  a  paper  by  Kittel49  in  1947  on  the  frequency 
of  resonance.  During  the  next  decade  a  series  of  significant  theoretical 
advances  were  reported  at  the  annual  National  Conference  on  Magnetism 
and  Magnetic  Materials.  The  work  reported  at  this  interdisciplinary  confer¬ 
ence  eventually  grew  into  a  sophisticated  understanding  of  the  high-fre¬ 
quency  behavior  of  the  ferromagnetic  oxides.  Based  on  this  theoretical 
background,  the  suggestion  was  soon  made  that  gyromagnetic  resonance 
experiments  should  be  conducted  with  thin  disks  of  YIG  instead  of  the 
small  spheres  previously  considered  necessary.  Such  experiments,  per¬ 
formed  by  Dillon  in  1957,50’  5 1  led  to  the  unexpected  discovery  that  thin 
sections  of  the  garnet  crystals  were  transparent.  If  the  sample  was  illumi¬ 
nated  with  linearly  polarized  light,  interaction  with  the  magnetization 
produced  a  rotation  of  the  axis  of  polarization.  Since  the  rotation  varied 
with  the  direction  of  magnetization,  it  was  easy  to  see  the  way  in  w,hich 
the  direction  of  magnetization  varied  within  the  crystal;  that  is,  it  was  pos¬ 
sible  to  see  the  domain  structure.  The  visibility  of  domain  structures  with¬ 
in  crystals  of  this  important  material  excited  wide  interest.  In  particular, 
Williams,  Sherwood,  and  Remeika52  found  similar  transparency  in  a  num¬ 
ber  of  materials,  including  the  rare-earth  orthoferrites  mentioned  above. 
Since  these  crystals  were  so  large  and  perfect,  a  great  deal  of  research  was 
done  on  their  domain  structure  and  on  the  basic  magnetic  properties  of 
the  crystals  that  led  to  the  observed  domains. 

As  mentioned  above,  work  on  orthoferrites  was  only  part  of  the  research 
on  domains  performed  by  Williams  and  Sherwood.  In  1957, 5  3  they  made 
observations  on  domains  in  thin  films  of  the  intermetallic  compound  manga¬ 
nese  bismuth.  In  1958,  Sherwood,  Remeika,  and  Williams,54  reported  on 
the  characteristics  of  domains  seen  in  single  crystals  of  magnetoplumbite, 
an.  iron  oxide  containing  lead.  In  these  crystals,  magnetic  bubbles  were 
seen,  but  their  possible  technological  significance  was  not  then  appreciated. 
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3.8.3  Bubble  Conference 

We  have  now  outlined  the  background  of  the  conference  convened  in 
March  1966  by  Shockley.  Scoville,  Gianola,  Bobeck,  Hagerdorn,  and  their 
co-workers  were  in  search  of  a  material  better  than  permalloy  to  use  with' 
the  waffle-iron  structure.  Williams  and  Sherwood  were  present  because  of 
their  research  on  domains  in  manganese-bismuth  films,  which  were  a  pos¬ 
sible  contender.  As  the  meeting  proceeded,  the  ideal  magnetic  properties 
of  a  material  for  a  memory  consisting  of  reversed  domains  that  could  be 
stored  and  moved  around  in  two  dimensions  on  a  surface  were  listed.  Sher¬ 
wood  pointed  out  that  this  list  described  exactly  the  properties  of  the 
crystals  of  rare-earth  orthoferrite  on  which  he  and  Williams  had  been  work¬ 
ing  for  several  years.  Sherwood  was  able  to  supply  Bobeck  with  suitable 
orthoferrite  crystals  almost  immediately.  In  the  next  few  weeks  domains 
were  observed  and  moved  around  on  the  waffle-iron  structure,  and  in  a 
few  mbnths  stable  bubbles  were  found  and  were  used  to  make  simple  de¬ 
vices.  Since  1966,  the  technology  has  developed  rapidly,  and  bubble-do¬ 
main  devices  are  nearing  practical  application.  Curiously,  crystals  of  the 
magnetic  garnets  are  now  considered  to  be  the  most  interesting  materials 
for  bubble  devices.  The  promise  of  magnetic  bubble  technology  to  replace 
slower,  bulkier,  and  more  expensive  devices  such  as  core  memories  and 
disk  files  seems  bright. 

This  story  illustrates  an  important  characteristic  of  research  in  solid- 
state  physics  and  the  advancement  of  new  technologies.  Very  often  the 
essential  science  and  the  technology  develop  completely  independently. 

In  this  case,  the  science  began  with  Snoek’s  work  in  1946  and  during  the 
next  20  years  was  intensively  pursued  in  the  United  States,  particularly 
in  industrial  and  government  research  laboratories,  but  with  much  essen¬ 
tial  basic  work  being  done  in  the  universities.  Usually  this  work  was  not 
conducted  with  specific  applications  in  mind  but  was  motivated  by  an 
effort  to  understand  the  physics  of  magnetism  in  a  fundamental  way.  The 
technological  requirement  for  movable  magnetic  domains  came  into  focus 
separately.  The  engineers  and  inventors  finally  knew  just  what  they  needed 
to  make  a  practical  device  and  asked  the  right  questions  of  the  research 
scientists.  As  happens  encouragingly  often  when  science  is  flourishing,  the 
answers  were  available,  and  an  important  forward  step  resulted. 
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MAGNETIC  BUBBLES 


A  magnetic  material  is  divided  into  regions  that  are  magnetized 
in  different  directions.  These  “domains”  can  be  formed  into  small 
“bubbles”  that  can  be  utilized  in  a  new  kind  of  computer  memory 


by  Andrew  H.  Bobeck  and  H.  E.  D.  Scovil 


Electronic  computers  and  other  data- 
processing  devices  are  largely 
I  limited  in  performance  by  the 
speed,  capacity  and  reliability  of  their 
memory  systems.  The  speed,  capacity 
and  reliability  of  memory  systems,  in 
turn,  are  largely  a  function  of  what  one 
is  willing  to  pay.  The  fastest  and  most 
flexible  memory  systems  are  those  built 
either  from  tiny  ring-shaped  ferrite  cores 
strung  on  a  mesh  of  fine  wires  or,  more 
recently,  from  transistor  circuits  laid 
down  on  tiny  chips  of  silicon.  At  the  mo¬ 
ment  cores  are  cheaper:  about  one  cent 
per  bit  (binary  digit)  of  storage  capacity. 
Even  this  low  cost,  however,  mounts  up 
swiftly.  A  core  memory  to  duplicate  the 
estimated  capacity  of  the  human  brain— 
perhaps  1010  bits— would  cost  108  dol¬ 
lars.  The  requirements  of  an  electronic 
telephone  central  office  are  more  mod¬ 
est:  around  107  bits,  for  which  a  core 
memory  would  cost  105  dollars.  Consid¬ 
ering  that  a  central  office  may  need  twice 
this  capacity  to  assure  reliability,  one 
can  appreciate  why  the  telephone  com¬ 
pany,  among  others,  would  like  to  find 
a  less  expensive  all-electronic  system. 

A  promising  alternative,  now  under 
development  at  the  Bell  Telephone  Lab¬ 
oratories,  exploits  a  new  technology  in 
which  data  bits  are  stored  in  the  form  of 
magnetic  “bubbles”  moving  in  thin  films 
of  magnetic  material.  The  bubbles  are 
actually  cylindrical  magnetic  domains 
whose  polarization  is  opposite  to  that  of 
the  thin  magnetic  film  in  which  they  are 
embedded.  The  bubbles  are  stable  over 
a  considerable  range  of  conditions  and 
can  be  moved  from  point  to  point  at  high 
velocity. 

The  evidence  available  at  present  in¬ 
dicates  that  magnetic-bubble  memories 
should  be  substantially  cheaper  than 
core  memories  and  up  to  10  times  faster 
than  magnetic-disk  memory  systems  now 
widely  used  for  high-capacity  storage. 


These  systems  depend  on  the  mechanical 
movement  of  a  storage  medium  below  a 
“head”  that  can  read  out  data  that  were 
previously  entered  or  write  in  fresh  data. 
In  the  higher-performance  magnetic- 
disk  systems  the  several  disks,  with 
many  tracks  per  disk,  spin  continuously 
under  as  many  read- write  heads  as  there 
are  tracks.  Thus  the  disk  systems  can 
provide  access,  limited  only  by  the  time 
it  takes  for  data  to  be  cycled  under  the 
read-write  heads,  to  any  sequence  of 
stored  data.  A  serious  drawback  of  such 
systems  is  that  one  cannot  manipulate 
the  stored  information  without  reading 
it  out  and  writing  it  in  again,  a  process 
that  can  take  appreciable  time.  More¬ 
over,  since  disk  systems  are  mechanical, 
they  are  not  as  reliable  as  the  all-elec¬ 
tronic  components  now  being  installed  in 
telephone  switching  offices,  which  are 
designed  to  operate  for  40  years. 

Magnetic-bubble  memories  now  un¬ 
der  development  are  in  many  ways  all- 
electronic  analogues  of  magnetic-disk 
memories,  but  there  are  also  important 
differences  between  the  two.  In  both  sys¬ 
tems  information  is  stored  as  states  of 
magnetization  on  (or  in)  a  thin  magnetic 
film.  In  a  disk  memory  the  film  is  moved 
mechanically  at  high  speed;  in  a  bubble 
memory  the  bubbles  move  at  high  speed 
through  the  film.  In  a  disk  memory  the 
information  is  rigidly  fixed  and  passes 
the  read-write  head  in  only  one  dimen¬ 
sion.  In  bubble  devices  the  information 
can  travel  in  two  dimensions,  that  is, 
anywhere  in  the  film.  In  bubble  devices 
one  can  also  perform  many  logical  opera¬ 
tions  on  the  stored  data  without  reading 
them  out  and  writing  them  back  in 
again.  Finally,  since  bubble  devices  have 
no  moving  parts  they  should  work  re¬ 
liably  for  many  years.  This,  of  course, 
has  yet  to  be  demonstrated. 

The  development  of  magnetic-bubble 
devices  has  required  combining  the  in¬ 


sights  of  magnetic  theory,  dating  back 
more  than  50  years,  and  skills  more  re¬ 
cently  developed  in  the  tailoring  of 
magnetic  materials  to  meet  precise 
specifications.  The  key  to  theoretical  un¬ 
derstanding  is  the  magnetic  domain, 
foreshadowed  by  James  Clerk  Maxwell's 
concept  that  “a  magnet  is  built  up  of 
particles  each  of  which  is  a  magnet.”  He 
and  his  19th-century  contemporaries  at¬ 
tempted  to  explain  the  bulk  properties 
of  ferromagnetic  materials  on  the  basis 
of  simple  electromagnetic  interactions 
among  individual  magnetic  “particles” 
of  molecular  size.  Although  this  ap¬ 
proach  was  astute,  it  failed  to  account 
for  certain  fundamental  properties  of 
magnets. 

In  1907  Pierre-Ernst  Weiss  suggest¬ 
ed  that  the  inadequacies  of  the  theory 
would  be  removed  if  one  assumed  that 
within  a  ferromagnetic  material  there 
are  powerful  “molecular  fields”  capable 
of  aligning  molecular  magnets  parallel  to 
one  another.  Weiss  calculated  that  the 
magnitude  of  the  field  needed  to  accom¬ 
plish  this  alignment  was  about  10  mil¬ 
lion  oersteds,  a  field  much  stronger  than 
any  continuous  field  yet  produced  by 
laboratory  electromagnets.  Weiss  was 
unable  to  explain/however,  how  such  an 
intense  field  could  arise.  With  the  ad¬ 
vent  of  quantum  mechanics  20  years  lat¬ 
er  it  was  recognized  that  Weiss’s  “mo¬ 
lecular  field”  is  generated  by  exchange 
forces  among  ferromagnetic  atoms  and 
that  the  individual  molecular  magnets 
are  the  atomic  magnetic  moments  asso¬ 
ciated  with  the  spin  of  the  electron. 

Even  without  this  knowledge  Weiss 
perceived  that  the  molecular  magnets 
need  not  line  up  throughout  the  entire 
body  of  the  magnetic  material.  He  sug¬ 
gested  that  only  small  volumes,  or  “do¬ 
mains,”  would  be  spontaneously  mag¬ 
netized.  At  first  it  seemed  plausible  that 
in  a  material  consisting  of  many  small 
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EMERGENCE  OF  MAGNETIC  BUBBLES  in  a  thin  wafer  of 
magnetic  garnet  is  demonstrated  in  this  sequence  of  photomicro¬ 
graphs  taken  at  the  Bell  Telephone  Laboratories.  The  magnetic 
domains  in  the  specimen  rotate  polarized  light  in  different  direc¬ 
tions  depending  on  whether  the  internal  magnets  in  the  crystal 
point  up  or  down.  By  adjustment  of  a  polarizing  filter  domains 
with  the  same  orientation  can  be  made  to  look  either  bright  or 
dark.  When  no  external  magnetic  field  is  present  (top  left),  the 
domains  form  serpentine  patterns,  with  domains  of  opposite  mag¬ 
netization  occupying  equal  areas.  (The  apparent  departure  from 
equality  here  is  an  artifact  of  the  exposure.)  When  an  external 


magnetic  field  is  applied  perpendicularly  to  the  specimen  ( top 
right),  the  domains  that  are  magnetized  in  the  opposite  direction 
shrink  and  in  a  few  cases  contract  into  bubbles.  Although  these  cir¬ 
cular  domains  are  called  bubbles,  they  are  actually  stubby  cylinders 
viewed  from  the  end.  A  further  increase  in  the  external  bias  field 
( bottom  left)  converts  all  the  remaining  “island”  domains  into 
bubbles.  With  a  “soft”  magnetic  wire  whose  magnetization  is  polar¬ 
ized  by  the  external  field  one  can  move  the  bubbles  around  freely 
(bottom  right).  Because  the  bubbles  repel  one  another  they  tend 
to  maintain  a  certain  minimum  separation.  Nevertheless,  they  can 
be  packed  with  a  density  of  more  than  a  million  per  square  inch. 
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BUBBLE  MEMORY  REGISTER  resembling  an  ultraminiature 
toy-train  system  was  built  as  a  prototype  at  Bell  Laboratories. 
Magnetic  bubbles  are  guided  through  the  system  by  Permalloy 
I  soft-magnet)  elements  deposited  on  the  surface  of  the  magnetic 
wafer  in  the  form  of  stubby  Y' s  and  thin  bars.  Each  Y-bar  pair 


constitutes  one  step  in  the  register;  there  are  1,074  steps  in  all.  A 
rotating  magnetic  field  applied  in  the  plane  of  the  register  keeps 
the  bubbles  circulating.  They  are  turned  around  by  the  reverse 
loop  in  the  center  and  by  the  external  loop  at  the  lower  right.  Each 
bubble  is  capable  of  representing  one  binary  digit  of  information. 


TEN-THOUSAND-STEP  REGISTER  is  contained  on  a  chip  a  tenth 
of  an  inch  on  a  side.  Only  about  7  percent  of  the  complete  register 
appears  in  this  micrograph.  As  in  the  small  register  shown  at  the 
top  of  the  page,  the  bubbles  are  guided  by  a  Permalloy  pattern  of 
Y’s  and  bars.  The  bubbles  are  barely  visible  as  light-toned  dots 


resting  in  the  gaps  between  the  two  kinds  of  structure.  The  bubbles 
are  injected  into  the  register  by  a  bubble  generator  (square  black 
shape  at  the  upper  left  in  the  micrograph).  A  sensing  element, 
which  does  not  appear  in  the  micrograph,  ctfn  read  on  command 
binary  data  that  has  been  encoded  in  the  flow  ing  stream  of  bubbles 
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STRIP  DOMAINS  AND  BUBBLES  can  be  compared  in  this  micrograph  and  the  one  on  the 
cover  of  this  issue  of  Scientific  American.  The  pattern  of  T9 s  and  bars  is  a  variation  of  the 
pattern  that  can  be  seen  in  the  registers  on  the  opposite  page.  The  picture  on  the  cover 
shows  how  domains  of  opposite  magnetization  occupy  equal  serpentine  areas  in  the  absence 
of  an  external  magnetic  field..  The  thin  walls  that  separate  the  domains  are  also  faintly  visi¬ 
ble.  In  the  picture  above  an  external  magnetic  field  has  reduced  the  strip  domains  to  bub¬ 
bles.  They  are  made  to  circulate  around  the  pattern  by  a  rotating  in-plane  magnetic  field. 


crystals  these  domains  might  consist  of 
the  individual  crystals.  When  domains 
were  subsequently  observed  in  single 
crystals,  this  hypothesis  was  disproved. 
Now  we  know  that  the  size  and  shape  of 
the  domains  are  chiefly  determined  by  a 
balancing  of  several  forces  that  mini¬ 
mizes  the  sum  of  the  magnetic  energy, 
the  exchange  energy  and  the  magneto¬ 
crystalline  energy  [ see  illustrations  on 
next  two  pages]. 

Since  domains  are  at  the  heart  of  the 
new  bubble  technology  we  shall  describe 
this  minimization  process  more  fully. 
The  strong  exchange  force  that  aligns 
the  magnetic  moments  of  atoms  is  essen¬ 
tially  isotropic,  that  is,  it  has  no  pre¬ 
ferred  direction.  The  crystals  of  actual 
magnetic  materials,  however,  have  in¬ 
ternal  fields  that  make  it  “easier”  for  the 
magnetic  moments  to  line  up  in  pre¬ 
ferred  directions,  specifically  in  direc¬ 
tions  along  the  axes  of  the  crystal  lattice. 
If  the  crystal  is  subjected  to  an  external 
magnetic  field  that  does  not  coincide 
with  one  of  these  “easy”  directions,  the 
magnetic  moment  will  line  up  in  an  in¬ 
termediate  direction  that  depends  on  a 
balancing  of  the  internal  and  the  ex¬ 
ternal  forces. 

Still  a  third  force  is  at  work,  however: 
magnetostatic  fields,  which  arise  from 
any  discontinuity  in  magnetization. 
Magnetostatic  fields  are  produced,  for 
example,  by  physical  boundaries.  They 
always  oppose  the  magnetization  and  in 
doing  so  they  reduce  not  only  the  overall 
magnetization  of  the  ferromagnet  but 
also  their  own  magnitude.  For  this  rea¬ 
son  they  are  called  self-demagnetizing 
fields.  These  fields  are  always  present, 
even  in  seemingly  perfect  crystals,  and 
they  make  their  presence  known  by 
creating  domains. 

T^omains  are  readily  visible  as  wavy 
strips  if  a  ferromagnetic  crystal  is 
cut  in  a  thin  section  perpendicular  to  its 
easy  axis  and  viewed  through  a  polariz¬ 
ing  microscope.  The  domains  rotate  the 
plane  of  polarization  of  the  polarized 
light  in  opposite  directions  depending 
on  their  magnetic  polarity.  By  adjusting 
the  polarizing  filter  on  the  microscope 
one  can  make  half  of  the  domains  dark 
and  the  other  half  bright. 

The  boundaries  separating  adjacent 
domains  are  called  domain  walls.  They 
too  arise  from  a  process  of  energy  min¬ 
imization.  The  domain  wall  is  not  a  sharp 
line  but  is  spread  across  several  hundred 
planes  of  atoms  in  the  crystal  [see  illus¬ 
tration  on  page  83].  This  is  a  result  of  a 
compromise  that  minimizes  the  work 
needed  to  rotate  the  atomic  moments 
agaiiist  the  exchange  force  (which  acts  to 


keep  adjacent  moments  parallel)  as  well 
as  the  work  needed  to  rotate  the  mo¬ 
ments  away  from  the  easy  axis  of  the 
magnetocrystalline  field.  The  larger  the 
exchange  force,  the  thicker  the  domain 
wall;  the  larger  the  magnetocrystalline 
anisotropy,  the  thinner  the  wall.  The 
energy  absorbed  in  the  formation  of  the 
domain  walls  limits  the  number  of  do¬ 
main  subdivisions. 

Only  in  single  crystals  with  few  de¬ 
fects  can  one  obtain  domains  of  simple 
geometric  form.  Ordinary  materials  have 
small  defects,  inclusions,  pores  and  stress 
points  that  generate  highly  localized 
magnetostatic  fields  and  discontinuities 
that  interact  with  a.  domain  wall  and 
keep  it  from  assuming  its  minimum-en¬ 
ergy  position.  These  defects  are  desir¬ 
able,  however,  if  one  is  seeking  a  mate¬ 
rial  with  high  coercivity  and  hysteresis, 
properties  associated  with  permanent 
magnets.  For  the  devices  we  are  discuss¬ 
ing,  in  which  maximum  mobility  of  do¬ 
mains  is  sought,  the  material's  coercivity, 
or  magnetic  “hardness,”  should  be  low 
and  controllable  [see  illustrations  on 
page  84], 


Now  let  us  look  at  a  thin  wafer  cut 
from  a  specially  synthesized  single  crys¬ 
tal  of  magnetically  anisotropic  material. 
When  the  wafer  is  viewed  by  polarized 
light,  with  no  external  magnetic  field 
present,  one  sees  a  pattern  of  wavy 
strips  representing  domains.  In  half  of 
the  strips  the  tiny  internal  magnets  point 
up,  in  the  other  half  they  point  down. 
Depending  on  the  orientation  of  the 
polarizing  filter,  one  set  of  the  strips  will 
look  bright  and  the  other  dark.  The  two 
sets  of  strips  occupy  equal  areas  [see  il¬ 
lustration  on  page  79]. 

Next  let  us  immerse  the  wafer  in  an 
external  magnetic  field  perpendicular  to 
the  wafer  and  observe  what  happens 
when  we  slowly  increase  the  strength  of 
the  field.  As  the  strength  is  raised  the 
wavy  strips  whose  magnetization  is  op¬ 
posed  by  the  field  begin  to  get  narrower. 
The  process  continues  until  at  a  certain 
field  strength  all  the  “island”  domains 
(strips  not  pinned  to  the  edge  of  the  wa¬ 
fer)  suddenly  contract  into  the  small 
circles  we  call  bubbles.  The  bubbles  are 
actually  cylinders  seen  end  on.  Raising 
the  external  field  still  further  causes  the 
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bubbles  to  shrink  until  finally  they  disap-  opposite  polarity.  The  extreme  mobility  maintain  a  fairly  uniform  spacing  because 

pear  altogether.  Depending  on  the  ma-  of  the  bubble  can  be  demonstrated  by  they  are  all  similarly  polarized.  One  can 

terial,  the  bubbles  have  a  diameter  rang-  moving  a  fine  magnetized  wire  across  the  show  that  if  the  external  field  that  pro- 

ing  from  a  few  microns  to  several  hun-  surface  of  the  wafer  while  observing  duces  the  bubbles  is  held  constant  with- 

dred.  They  are  stable  over  a  three-to-one  through  the  microscope  how  the  bubbles  in  a  range  of  ±20  percent,  the  bubbles 

range  in  diameter.  respond.  The  bubbles  can  be  pushed  ef-  are  completely  stable  and  can  be  moved 

Each  bubble  acts  like  a  tiny  magnet  fortlessly  in  any  direction.  At  the  same  about  indefinitely.  Thus  we  have  dupli- 

afloat  in  the  sea  of  a  magnetic  field  of  time  the  bubbles  repel  one  another  and  cated  on  a  microscopic  scale  objects  as 


EFFECT  OF  DOMAIN  WALLS  is  to  reduce  the  amount  of  mag-  bar  were  uniformly  magnetized  (c),  the  poles  would  be  widely 

netostatic  energy  in  a  magnetic  crystal.  A  magnetic  field  surrounds  separated  and  the  magnetostatic  energy  would  be  maximized.  If  the 

each  small  magnetic  entity,  for  example  the  positive  monopole  magnetization  were  reversed  in  half  of  the  bar,  dividing  the  bar 

shown  in  a.  If  it  is  placed  next  to  a  monopole  of  opposite  polarity  into  two  domains  (d),  the  magnetostatic  energy  would  be  signifi- 
(6),  the  two  external  fields  tend  to  cancel  and  thereby  reduce  the  cantly  reduced.  The  domain  wall,  the  interface  between  the  two  do- 

magnetostatic  energy.  If  a  single  magnetic  crystal  in  the  form  of  a  mains  (gray),  introduces  energy  of  its  own,  however.  Thus  the 


STABILITY  OF  MAGNETIC  BUBBLES  is  a  consequence  of  ap-  The  external  field  changes  the  total  energy  of  the  wafer  in  such  a 

plying  a  magnetic  field  that  is  perpendicular  to  a  magnetic  wafer  way  that  domains  whose  polarity  is  opposite  to  that  of  the  external 

that  would  otherwise  reach  a  minimum  energy  state  with  domains  field  shrink  (6)  until  only  cylindrical  configurations,  or  bubbles, 

in  the  shape  of  serpentine  patterns  (a).  The  wafer  is  cut  so  that  remain  (c).  The  curve  at  the  right  shows  that  three  energy  com- 

the  “easy”  axis  of  magnetization  is  perpendicular  to  the  surface.  ponents  (the  domain  wall,  external  field  and  magnetostatic  ener- 
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durable  and  as  impenetrable  as  billiard 
balls,  with  the  added  advantage  that 
they  repel  one  another.  Moreover,  bub¬ 
bles  can  be  created  anywhere  they  are 
desired,  and  they  can  be  destroyed  by 
techniques  we  shall  describe  below. 

The  first  magnetic  materials  found  to 
have  the  desired  properties  for  study¬ 


NUMBER  OF  SUBDIVISIONS 

system  tends  toward  a  minimum  energy 
state  in  which  the  reduction  in  magnetostat¬ 
ic  energy  is  balanced  by  an  increase  in  do- 
main-wall  energy.  For  the  case  illustrated 
here  the  minimum  energy  corresponds  to 
one  or  two  subdivisions  ( curve  at  right). 


RADIUS 


gies)  add  up  to  produce  a  total  energy  curve 
in  the  shape  of  a  dish.  The  stable-bubble 
radius  corresponds  to  energy  minimum  at 
bottom  of  the  dish.  Above  a  certain  critical 
external  field  the  bubble  domain  collapses. 


ing  the  new  bubble  technology  were  or¬ 
thoferrites,  a  special  class  of  ferrites  with 
the  chemical  formula  RFe03,  where  R 
represents  yttrium  or  one  or  more  rare- 
earth  elements.  Samarium  terbium  or¬ 
thoferrite  is  a  good  example.  Orthofer¬ 
rites  can  be  grown  as  single  crystals  by 
mixing  the  ingredients  with  a  suitable 
flux,  melting  the  mixture  in  a  crucible 
and  allowing  the  melt  to  cool  over  a  peri¬ 
od  of  several  weeks.  At  the  end  of  that 
time  a  few  crystals  of  good  size  will  nor¬ 
mally  be  found.  Other  crystal-growing 
methods  have  also  been  studied,  and  re¬ 
cently  good  wafers  have  been  cut  from 
single-crystal  rods  pulled  directly  from 
the  melt. 

/^iver  the  past  several  years  we  have 
examined  hundreds  of  orthoferrite 
wafers  of  different  composition  in  an  ef¬ 
fort  to  find  materials  that  give  rise  to 
small  bubbles  that  can  be  moved  at  high 
velocity.  The  minimum  objectives  have 
been  to  attain  a  packing  density  of  a  mil¬ 
lion  bubbles  per  square  inch  and  a  mo¬ 
bility  allowing  a  data-processing  rate  of  a 
million  bits  per  second.  The  best  of  the 
orthoferrites  (samarium  terbium  ortho¬ 
ferrite)  will  satisfy  the  second  of  these 
objectives  but  fails  to  satisfy  the  first  by 
a  factor  of  nearly  10  because  its  bubbles 
are  about  three  times  too  large:  about  25 
microns,  or  one  mil,  in  diameter.  (A  prac¬ 
tical  separation  between  bubbles  is  four 
diameters  from  center  to  center.)  One 
ferrite  with  a  hexagonal  crystal  structure 
(PbFe12019)  produces  the  smallest  bub¬ 
bles  yet  observed,  one  micron  in  diame¬ 
ter,  and  hence  would  provide  a  packing 
density  of  about  70  million  per  square 
inch,  but  the  bubbles  move  too  slowly 
by  a  factor  of  more  than  20. 

After  more  than  a  year  of  searching 
we  found  the  material  we  were  looking 
for  in  synthetic  garnets  with  the  general 
formula  A3Fe5012,  where  A  can  be  yttri¬ 
um,  any  of  the  rare  earths  or,  at  least  in 
part,  lanthanum  or  bismuth  [see  bottom 
illustration  on  page  87].  The  garnets 
readily  lend  themselves  to  materials  en¬ 
gineering  and  bubble  parameters  can  be 
easily  controlled.  In  the  most  satisfactory 
garnet  samples  the  bubble  diameter  is 
about  three  microns,  which  allows  the 
packing  in  of  a  million  bubbles  per 
square  inch.  Bubbles  in  these  garnets 
can  be  moved  stepwise  at  the  rate  of  at 
least  a  million  steps  per  second.  The  en¬ 
ergy  needed  to  move  a  garnet  bubble 
four  diameters  is  about  4  X  1014  joule, 
or  only  about  a  250th  of  the  energy 
needed  to  switch  the  smallest  transistor. 
Thus  to  switch  a  million  bubbles  a  mil¬ 
lion  times  in  a  second,  equal  to  1012  op- 
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DOMAIN  WALL  is  a  transition  zone 
through  which  the  magnetization  reverses 
direction.  The  force  exerted  hy  the  domain 
wall  combines  with  the  force  of  the  ex¬ 
ternal  field  ( arrows  at  right)  in  effort  to  re¬ 
duce  the  diameter  of  the  bubble  domain. 


MAGNETIC  MATERIALS  respond  differently  to  magnetizing  and  demagnetizing  fields, 
depending  on  whether  they  are  “hard”  or  “soft.”  Two  types  of  response  are  reflected  in 
these  hysteresis  loops.  Hard  magnets,  with  high  coercivity,  resist  change  in  direction  of 
magnetization.  Soft  magnets,  with  low  coercivity,  are  easily  magnetized  and  demagnetized. 


MATERIALS  FOR  BUBBLES  combine  low  magnetization  (M)  and  low  coercivity.  If  even 
a  small  region  of  the  wafer  can  be  caused  to  magnetize  in  the  reverse  direction,  at  either 
nucleation  point,  the  entire  wafer  will  quickly  demagnetize.  The  neutral  wafer  will 
then  break  up  into  strip  domains  at  S  (or  S').  If  a  small  external  magnetic  field,  —  H,  is  ap¬ 
plied,  a  bubble  (or  bubbles)  will  begin  to  form  at  B  and  persist  until  the  field  reaches  the 
value  C,  whereupon  the  bubble  will  collapse.  The  exact  path  depends  on  the  specific  do¬ 
main  configuration.  When  the  demagnetized  wafer  is  driven  in  the  opposite  direction  by 
a  positive  field  (+//),  the  sequence  moves  up  the  hysteresis  loop  from  S'  to  B'  to  C'. 
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erations,  requires  only  40  milliwatts 
compared  with  about  10  watts  for  10 12 
transistor  switching  operations. 

The  concept  of  using  magnetic  par¬ 
ticles  to  store  data  and  to  carry  out 
logical  operations  seems  obvious  now 
that  the  properties  of  magnetic  bubbles 
are  well  understood,  but  the  first  efforts 
to  manipulate  magnetic  domains  for  this 
purpose  took  a  quite  different  approach. 
The  original  notion  was  to  create  tiny 
“slugs,”  or  regions  of  reversed  magneti¬ 
zation,  in  a  wire  that  had  a  preferred,  or 
easy,  axis  of  magnetization  parallel  to  its 
length.  Each  slug  would  be  isolated  by  a 
domain  wall  fore  and  aft.  By  wrapping 
the  wire  with  driving  coils  it  would  be 
possible  to  move  the  magnetic  slugs 
through  the  wire  at  high  speed,  much 
as  oil  is  pumped  through  a  pipeline.  The 
presence  of  a  slug  could  represent  1  in 
binary  code,  its  absence  0.  Suitable  writ¬ 
ing  heads  could  put  data  into  the  pipe¬ 
line  by  creating  magnetic  slugs  with  the 
spacing  desired;  reading  heads  located 
anywhere  downstream  could  extract  the 
data  as  they  flowed  by  at  high  speed. 
Data-processing  rates  as  high  as  600,000 
bits  per  second  were  demonstrated  in 
the  laboratory,  and  rates  of  a  million  bits 
seemed  attainable. 

The  magnetic  pipeline  had  many  at¬ 
tractive  features.  Development  was  car¬ 
ried  far  enough  to  show  that  it  could  be 
manufactured  with  fairly  simple  machin¬ 
ery  at  low  cost.  One  important  drawback 
was  that  no  practical  way  could  be 
found  to  move  slugs  between  wires  ex¬ 
cept  by  reading  a  slug  out  of  one  wire 
and  writing  it  into  another.  Therefore 
many  storage  systems  that  looked  simple 
enough  on  paper  became  clumsy  and 
costly  on  implementation.  A  more  serious 
drawback  was  size.  The  domain  walls  at 
each  end  of  a  magnetic  slug  do  not  cut 
through  the  wire  at  right  angles  but  ex¬ 
tend  fore  and  aft  in  the  shape  of  two 
long  cones.  The  length  of  a  slug  from 
tip  to  tip  is  about  100  times  the  diameter 
of  the  wire.  With  ultrafine  wires  it  is  pos¬ 
sible  to  achieve  a  packing  density  of  20 
bits  or  so  per  linear  inch,  but  the  prac¬ 
tical  density  is  more  like  10  bits. 

Faced  with  these  limitations,  we  and 
our  colleagues  U.  F.  Gianola,  William  F. 
Shockley,  P.  C.  Michaelis  and  R.  C. 
Sherwood  wondered  if  it  might  be  pos¬ 
sible  to  create  compact  domains  inside 
sheets  of  magnetic  material,  rather  than 
inside  wires,  and  move  them  around  in 
two  dimensions.  At  this  point  some  of 
us  were  acquainted  with  the  fascinating 
variety  of  domain  configurations  famil¬ 
iar  to  those  who  deal  routinely  with 
magnetic  materials.  Yet  even  though  we 
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ONE  BUBBLE-MOVING  SCHEME  involves  laying  down  a  pattern  of  conductor  loops  on 
the  magnetic  wafer.  The  polarity  of  the  electric  current  is  chosen  so  as  to  decrease  the 
magnetic-bias  field  within  the  conductor  loop.  This  produces  an  attracting  force  on  the  bub¬ 
ble.  When  the  loops  are  energized  in  sequence,  the  bubble  moves  from  one  loop  to  the  next. 


had  occasionally  seen  under  the  micro¬ 
scope  what  we  later  called  bubbles,  it 
did  not  occur  to  us  that  such  entities 
might  serve  as  data-carriers.  We  spent 
several  months  devising  schemes  to  cre¬ 
ate  within  sheets  of  magnetic  material 
the  hypothetical  magnetic  carriers  we 
wanted  before  we  realized  that  the  mag¬ 
netic  bubble  was  hiding  in  our  samples 
waiting  to  be  exploited.  Our  excitement 
grew  at  learning  that  these  frictionless 
particles  are  stable  over  a  range  of  three 
to  one  in  diameter,  that  they  repel  one 
another  and  can  be  made  to  dart  around 
simply  by  exerting  unbalanced  forces  on 
their  domain  walls. 

TJTe  shall  now  describe  some  of  the 
*  *  techniques  by  which  bubbles  can 
be  controlled  for  storing  data  and  for 
performing  logical  operations.  Control 
requires  the  creation  of  magnetic  driving 
fields:  magnetic  fields  with  components 
in  the  plane  of  the  wafer.  Two  general 
methods  are  available.  The  first  employs 
conductors  in  which  flowing  currents 
generate  the  desired  fields.  This  method 
is  called  conductor  access.  The  second 
method,  called  field  access,  involves  im¬ 
mersing  the  entire  wafer  in  either  a  pul¬ 
sating  or  a  rotating  magnetic  field  that 
acts  on  the  bubbles  by  means  of  care¬ 
fully  placed  spots  of  magnetic  material 
that  concentrate  the  field. 

The  conductor-access  method  calls 
for  laying  down  on  the  wafer  (by  photo¬ 
lithographic  techniques)  a  pattern  of 
conductors  incorporating  loops  each 
about  the  same  size  as  the  diameter  of  a 
bubble.  The  magnetic  field  generated  by 
each  loop  is  strong  enough  to  attract  a 
nearby  bubble  into  its  center  [see  top 
illustration  on  this  page].  One  can  see 
that  if  a  series  of  adjacent  loops  is  ener¬ 
gized  in  sequence,  a  bubble  will  be 
stepped  along  from  one  loop  to  the  next. 
To  ensure  that  a  bubble  will  move  in  the 
intended  direction  the  loops  are  ener¬ 
gized  by  three  independent  drive  cir¬ 
cuits,  with  each  circuit  connected  to  ev¬ 
ery  fourth  loop.  Thus  a  bubble  “feels” 
the  pull  of  loops  No.  1,  No.  2  and  No.  3 
in  sequence  and  is  drawn  toward  loop 
No.  4  at  the  same  instant  that  loop  No. 
1  is  energized  again.  In  this  scheme  a 
bubble  can  lie  under  every  loop  and  at 
each  step  in  the  cycle  be  pulled  in  only 
one  direction  one  loop  at  a  time.  If  an 
ordinary  binary  code  is  used,  a  bubble 
stands  for  1  and  the  absence  of  a  bubble 
stands  for  0.  Bubbles  can  readily  be 
moved  in  two  dimensions  by  adding  a 
second  set  of  loops  at  right  angles  to  the 
first  [see  bottom  illustration  on  this 
page]. 


The  trouble  with  conductor  methods 
is  that  a  great  many  accurately  placed 
conductors  whose  dimensions  are  com¬ 
parable  to  the  size  of  bubbles  must  be 
interconnected  with  external-access  cir¬ 
cuits.  This  problem  is  greatly  simplified 
by  the  field-access  approach.  One  field- 
access  method  involves  rhythmically 
raising  and  lowering  the  overall  mag¬ 
netic  bias  on  the  wafer  so  that  bubbles 
alternately  shrink  and  expand.  Motion 
results  if  the  wafer  is  provided  with  a 
pattern  of  closely  spaced  asymmetrical 


energy  traps,  for  example  a  pattern  of 
thin-film  Permalloy  arrowheads  all  point¬ 
ing  in  the  same  general  direction.  When 
the  bubble  is  at  its  maximum  diameter, 
it  is  centered  under  one  arrowhead  and 
covers  half  of  the  arrowhead  directly  in 
front  of  it  and  half  of  the  arrowhead  di¬ 
rectly  behind  it.  When  the  magnetic  bias 
is  raised,  the  bubble  contracts  and  its 
trailing  edge  slides  forward  in  the  direc¬ 
tion  of  the  arrowhead.  When  the  bias  is 
lowered  again,  the  bubble  expands  and 
its  leading  edge  moves  forward  onto  the 


ARRAY  OF  CONDUCTOR  LOOPS  makes  it  possible  to  move  magnetic  bubbles  at  right 
angles  anywhere  within  a  magnetic  wafer.  The  wiring  pattern  is  arranged  so  that  all 
loops  connected  to  the  X1  circuit  are  energized  at  one  time,  then  all  loops  connected  to 
the  X2  circuit  and  then  all  the  loops  connected  to  the  X3  circuit.  Similarly,  the 
and  Y3  loops  are  energized  in  sequence.  If  a  magnetic  bubble  is  at  position  A,  the  se¬ 
quence  Xv  X29  X3  will  move  it  to  B;  the  sequence  Yi,Y2,Ys  will  then  move  it  from  B  to  C. 
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“ANGELFISH”  BUBBLE-MOVER  is  classed  as  a  “field  access” 
propagation  method  because  the  bubbles  move  in  response  to 
changes  in  the  external  magnetic  field  rather  than  in  response  to 
electric  currents  passed  through  conductors.  A  pattern  consisting 
of  thin-film  Permalloy  structures  is  laid  down  on  the  bubble  wafer 


to  form  a  sequence  of  arrowheads,  affectionately  known  as  angel¬ 
fish.  The  external  magnetic  field  is  raised  and  lowered  rhythmically 
to  make  the  bubbles  alternately  contract  and  expand.  Each  time  a 
bubble  contracts  it  slides  off  the  tip  of  the  trailing  arrowhead.  With 
each  expansion  the  bubble  slides  onto  the  next  arrowhead  in  line. 


7VBAR  BUBBLE-MOVER  is  another  field-access  scheme.  Here  the 
external  magnetic  field  rotates  clockwise  360  degrees  in  the  plane 
of  the  wafer,  as  is  shown  by  the  black  arrows.  As  the  field  ro¬ 
tates,  different  parts  of  the  T9 s  and  bars,  made  of  Permalloy,  are  se¬ 


quentially  polarized  plus  and  minus.  Assuming  that  the  top  of  bub¬ 
ble  has  a  minus  polarization,  it  will  be  attracted  to  plus  poles  as 
they  progress  to  the  right  through  T-bar  pattern.  Propagation  with 
fields  rotating  at  a  million  cycles  per  second  has  been  demonstrated. 
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BUBBLE-SPLITTER  consists  of  a  special  loop  with  an  internal 
hairpin  circuit  that  can  be  separately  energized  when  a  bubble 
is  centered  above  it  ( second  frame  from  the  left).  When  current 


flows  through  the  hairpin  circuit,  the  bubble  is  split  in  two  even 
faster  than  it  can  be  photographed  (a  few  millionths  of  a  second). 
Subsequently  one  bubble  of  the  new  pair  moves  off  to  the  right. 


BUBBLE-GENERATOR  is  a  field-access  device  that  can  create  a 
new  bubble  every  time  an  in-plane  field  makes  one  rotation.  The 
domain  appearing  as  a  white  crescent  projecting  from  the  black 


disk  shows  the  field  direction.  The  bubble  originates  as  a  filamen¬ 
tary  strip  that  becomes  circularized  after  it  has  split  away  from  gen¬ 
erator.  Thereafter  it  is  carried  to  right  by  modified  Y-bar  pattern. 


DIVIDE-BY-TWO  CIRCUIT  employs  an  idler  that  traps  every  oth-  and  the  third  T  from  the  bottom).  Its  presence  in  the  idler  forces 

er  bubble.  Here  two  bubbles  approach  the  idler  from  the  left.  The  the  second  bubble  to  stay  in  the  horizontal  track.  The  passage  of 

first  bubble  is  diverted  into  the  idler  (located  between  the  second  the  second  bubble  in  turn  forces  the  first  bubble  out  of  the  idler. 
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base  of  the  arrowhead  next  in  line  [see 
top  illustration  on  opposite  page]. 

In  a  second  field-access  method, 
which  seems  more  promising  dian  the 
first,  the  bubbles  remain  the  same  size 
^  but  are  moved  from  point  to  point  by 
a  rotating  magnetic  field  acting  in  con¬ 
junction  with  a  pattern  of  thin-film  Perm¬ 
alloy  Vs  and  vertical  bars.  Although  the 
field  is  rotating,  one  can  think  of  it  as 
pointing  in  succession  to  the  four  direc¬ 
tions  of  the  compass.  If  a  T  is  placed  in 
such  a  field,  only  the  parts  of  the  T  paral¬ 
lel  to  the  field  at  a  particular  time  will 
be  magnetized.  Thus  the  horizontal 
member  will  be  magnetized  one  way 
when  the  field  is  pointing  “east  and  the 
opposite  way  when  the  field  is  pointing 
west.  Similarly,  the  vertical  bar  will  ex¬ 
hibit  two  different  polarities  depending 
on  whether  the  field  is  pointing  north  or 
south.  A  vertical  bar  placed  in  the  same 
field  will  exhibit  only  north-south  mag¬ 
netization;  when  the  field  is  pointing 
east  and  west,  the  bar  will  be  essentially 
neutral.  Now  imagine  an  alternating  se¬ 
quence  of  Vs  and  bars  so  arranged  that 
the  bottoms  of  the  bars  line  up  with  the 
tops  of  the  Vs  [see  second  illustration 
from  top  on  opposite  page].  If  a  bubble 
is  introduced  at  the  level  of  the  top  of 
the  T  at  the  left  end  of  the  row,  and  if 
the  magnetic  field  is  rotated  clockwise, 
the  bubble  will  move  step  by  step  to  the 
right.  In  one  full  rotation  of  the  field  the 
bubble  will  travel  from  the  center  of  one 
T  to  the  center  of  the  next.  In  the  first 
practical  devices,  now  under  develop¬ 
ment,  the  field  will  rotate  100,000  times 
per  second,  corresponding  to  a  serial 
data-processing  rate  of  100,000  bits  per 
second.  Higher  rates  will  undoubtedly 
follow. 

Each  of  the  access  methods  can  be  de¬ 
signed  to  generate  new  bubbles.  In  the 
conductor-access  scheme  a  new  bubble 
can  be  produced  by  equipping  one  of 
the  loops  with  a  hairpin  conductor  that 
can  be  separately  energized.  If  the  hair¬ 
pin  is  energized  while  a  bubble  is  in  the 
loop,  the  bubble  is  pinched  at  the  waist 
and  finally  fissions  into  two  bubbles, 
which  repel  each  other  and  jump  under 
the  loops  at  each  side  [see  third  illustra¬ 
tion  from  top  on  opposite  page] . 

In  the  field-access  scheme  that  em¬ 
ploys  a  rotating  field  one  can  install  a 
bubble-generator  at  the  head  of  any  row 
of  Vs  and  bars.  The  generator  consists 
of  a  Permalloy  disk  with  a  small  horizon¬ 
tal  projection.  Under  the  influence  of 
the  rotating  magnetic  field  a  new  bubble 
will  be  produced  for  every  complete 
revolution  of  the  field,  and  it  will  be 
propagated  to  the  right  [see  fourth  illus¬ 
tration  from  top  on  opposite  page].  It  is 


SIGNAL 


BUBBLE-DETECTOR,  OR  SENSOR,  employs  the  principle  of  magnetoresistance.  The  de¬ 
tector  is  a  Permalloy  junction  whose  resistance  to  a  flow  of  direct  current  varies  sinusoidal¬ 
ly  in  response  to  the  rotating  magnetic  field  that  moves  the  bubbles.  When  a  bubble  lands 
under  the  Permalloy  junction,  the  resistance  is  reduced  by  an  additional  amount,  giving 
rise  to  an  output  signal.  The  readout  is  nondestructive:  the  bubble  continues  on  its  way. 


BUBBLE  DIAMETER  (MICRONS) 

500  50  5  .5  .05 


PREFERRED  PROPERTIES  of  bubble  materials  fall  within  the  colored  area.  It  is  essen¬ 
tial,  first,  that  the  material  be  uniaxial:  magnetizable  only  along  a  single  axis.  This  is 
expressed  by  the  uniaxial  anisotropy  field;  the  higher  it  is,  the  more  stahle  the  unique  mag¬ 
netic  axis  is.  When  this  field  is  high,  however,  the  bubbles  tend  to  have  too  large  a  diame¬ 
ter.  If  the  field  is  too  low,  there  is  a  danger  that  zones  of  reverse  magnetization  will  nucle¬ 
ate  spontaneously.  The  garnets  ( colored  dots )  seem  to  cluster  closest  to  preferred  region. 
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also  a  simple  matter  to  divide  any  stream 
of  bubbles  by  two  by  creating  a  little 
trap,  or  bypass,  that  shunts  every  other 
bubble  to  one  side  and  removes  it  from 
the  mainstream  [ see  bottom  illustration 
on  page  86].  The  bubbles  removed  can 
then  be  destroyed  by  an  annihilator,  or 
“bubble-eater”:  a  region  of  high  mag¬ 
netic  bias  that  shrinks  the  bubble  to  less 
than  its  minimum  stable  diameter. 

Any  digital  system  using  bubbles  re¬ 
quires,  of  course,  a  method  for  detecting 
the  presence  or  absence  of  bubbles.  The 
detection  method  can  be  either  destruc¬ 
tive  or  nondestructive.  The  bubble-eat¬ 
er,  for  example,  might  be  made  part  of 
a  destructive  detector.  Nondestructive 
reading  techniques  have  been  studied 
that  are  based  on  several  physical  princi¬ 
ples,  among  them  electromagnetic  in¬ 
duction,  the  Hall  effect,  direct  optical 
sensing  and  magnetoresistance. 

In  the  electromagnetic-induction 
method  the  bubble  serves  as  a  tiny  mov¬ 
ing  magnetic  dipole  that  induces  a  weak 
electric  current  in  a  pickup  loop  located 
in  the  reading  head.  In  the  Hall-effect 
method  a  voltage  appears  across  a  tiny 
semiconductor  slab  carrying  a  direct  cur¬ 
rent  when  the  magnetic  field  of  the  bub¬ 
ble  acts  perpendicularly  to  the  slab  (at 
right  angles  to  the  current).  Direct  opti¬ 
cal  sensing  is  based  on  the  same  tech¬ 
nique  that  makes  domains  visible  under 
a  polarizing  microscope;  the  detector 
reacts  to  changes  in  the  intensity  of  light 
caused  by  the  passage  of  a  bubble.  The 
magnetoresistance  method  appears  to 
be  most  compatible  with  the  ultraminia¬ 
ture  solid-state  devices  made  possible 
by  integrated-circuit  technology.  In  this 
method  the  presence  of  a  bubble  lowers 
the  resistance,  and  hence  the  voltage,  as 
it  is  measured  between  two  poles  of  a 
bridge  circuit;  the  result  is  a  small  out¬ 
put  signal  [see  top  illustration  on  pre¬ 
ceding  page]. 

Now  let  us  see  how  magnetic-bubble 
devices  lend  themselves' to  the  require¬ 
ments  of  memory  systems.  Information 
storage  and  processing  in  virtually  all 


BASIC  LOGICAL  OPERATIONS  needed  in 
bubble  devices  are  represented  at  the  left. 
A  bubble  can  occupy  any  cell  of  a  basic  grid 
{top).  Various  states  of  nonoccupancy  or  oc¬ 
cupancy  of  a  two-cell  module  can  be  de¬ 
scribed  by  four  symbols  whose  meanings  are 
explained  pictorially:  N ,  B,  I,  0.  Five  opera¬ 
tions  are  depicted:  inversion,  replication, 
shift,  generation  and  annihilation.  It  can  be 
readily  shown  that  replication  requires  a 
particle  capable  of  interaction  at  a  distance 
(see  top  illustration  on  opposite  page). 
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digital  computers  are  done  in  the  bi¬ 
nary  format.  There  are  many  reasons 
why  binary,  or  bilevel,  coding  is  used. 
Probably  the  most  important  single  rea¬ 
son  is  that  the  most  reliable  computer 
storage  and  logic  devices  have  just  two 
stable  states.  The  relay,  the  toggle 
switch,  the  transistor  flip-flop  and  the 
ferrite  core  are  examples.  Electronic 
telephone-switching  systems  closely  re¬ 
semble  large  digital  computers.  In  bpth 
it  is  necessary  to  store  and  manipulate 
large  streams  of  digital  data  and  provide 
the  results  for  external  utilization. 

The  topic  of  bubbles  for  binary  stor¬ 
age  and  binary  logic  can  be  introduced 
by  considering  how  one  might  use  larg¬ 
er  particles— say  billiard  balls— for  such 
functions.  In  the  simplest  binary  system 
the  presence  of  a  ball  in  an  assigned  po¬ 
sition,  or  cell,  could  signify  a  binary  1 
and  its  absence  could  signify  a  binary  0. 
A  sequence  of  billiard  balls  and  spaces 
would  thus  represent  binary  data. 

For  a  logical  operation  we  must  have 
an  interaction.  Clearly  two  billiard  balls 
interact;  both  cannot  occupy  the  same 
position  at  the  same  time.  This  kind 
of  interaction,  which  we  shall  define 
as  a  short-range  interaction,  allows  all 
necessary  operations  except  replication. 
Replication,  which  in  a  conventional 
semiconductor  logic  system  is  called 
“fanout,”  is  the  duplication  of  existing 
binary  states.  Since  binary  data  are  gen¬ 
erally  consumed  within  calculation  cen¬ 
ters,  the  ability  to  replicate  the  data  for 
future  manipulations  is  essential. 

To  make  replication  possible  in  our 
billiard-ball  model  the  first  modification 
required  is  to  divide  the  basic  cell  into 
two  cells,  one  above  the  other  [ see  il¬ 
lustration  at  left].  This  simplifies  many 
of  the  basic  operations.  When  neither 
cell  is  occupied  (state  N),  we  have  empty 
areas  through  which  particles  can  be 
moved  and  repositioned.  When  both 
cells  are  occupied  (state  B ),  we  have  a 
reservoir  of  particles.  States  correspond¬ 
ing  to  1  and  0  are  symmetrical  and  are 
defined  arbitrarily:  a  particle  in  the  up¬ 
per  cell  signifies  1  and  a  particle  in  the 
lower  cell  signifies  0.  Thus  by  simple  in¬ 
version  of  the  cells  occupied,  a  1  is  con¬ 
verted  into  a  0  and  vice  versa. 

Replication  is  achieved  by  introduc¬ 
ing  the  concept  of  a  long-range  inter¬ 
action.  We  assume  that  whenever  a  par¬ 
ticle  enters  a  cell  immediately  adjacent 
to  an  occupied  cell,  it  pushes  the  occu¬ 
pant  one  cell  to  the  right,  so  that  there  is 
always  at  least  one  empty  cell  between 
two  particles.  In  other  words,  each  par¬ 
ticle  has  a  sphere  of  influence  equal  to 
twice  its  diameter.  We  must  stipulate 
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INTERACTION  AT  A  DISTANCE  is  easily  achieved  because  mag¬ 
netic  bubbles  naturally  repel  one  another,  leaving  a  space  equal  to 
one  bubble  diameter  between  adjacent  bubbles.  For  the  purposes 
of  this  illustration  the  spacing  is  shown  only  in  the  horizontal  di¬ 


rection.  The  three  diagrams  depict  the  resulting  configurations 
when  a  single  bubble,  in  either  the  1  or  the  0  state,  and  a  pair  of 
bubbles  in  the  B  state  interact  with  cells  in  the  B  state.  In  all  three 
examples  the  initial  state  is  simultaneously  replicated  and  inverted. 
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SEVEN  BUBBLE-STREAM  OPERATIONS  provide  the  functions 
needed  for  bubble  memory  systems.  When  a  rotating  in-plane  field 
is  used  for  field-access  propagation,  the  bubbles  move  steadily  in 
one  direction.  A  generator  ( G )  supplies  bubbles  continuously  or 
on  command.  An  annihilator  (X)  can  also  operate  continuously  or 
selectively.  An  idler  (I)  can  trap  bubbles.  A  crossover  (C)  enables 
two  streams  to  cross,  usually  with  the  help  of  an  idler  bubble.  A 
bubble  transfer  (T)  can  move  bubbles  from  one  channel  to  anoth¬ 
er.  A  sensor  (S)  detects  the  data  coded  in  a  passing  bubble  stream. 


INTERACTING  BUBBLE  STREAMS  can  provide  additional  logic 
functions.  Since  bubbles  interact  at  a  distance  an  “interactor”  pro¬ 
vided  with  three  input  channels  will  yield  various  outputs,  depend¬ 
ing  on  the  input.  A  single  bubble  will  always  leave  by  the  major, 
or  central,  exit.  If  two  bubbles  enter  simultaneously  on  any  two 
channels,  they  will  always  leave  by  the  minor,  or  outside,  exits.  Fol¬ 
lowing  these  rules,  the  data  input  streams  shown  in  the  two  bottom 
diagrams  will  yield  the  output  streams  shown.  Those  familiar  with 
logic  circuitry  will  recognize  this  interactor  as  a  “full  adder.” 
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that  in  diagrams,  at  least,  the  sphere  of 
influence  be  restricted  to  the  horizontal 
plane;  otherwise  our  diagrams  would 
haye  to  show  that  the  two  vertical  cells 
in  the  basic  module  must  include  an 
empty,  or  spacer,  cell. 

Since  the  magnetic  bubbles  in  the 
circuits  we  described  above  exhibit  a 
sphere  of  influence  equal  to  twice  their 
diameter,  they  can  be  substituted  for  the 
billiard  balls  in  our  hypothetical  scheme. 
Now,  one  can  see  that  if  a  bubble  in  the 
1  state  interacts  with  a  B  state,  the  re¬ 
sulting  states  are  1,  0,  1.  In  other  words, 
the  interaction  both  replicates  and  in¬ 
verts  [see  top  illustration  on  preceding 
page ].  Circuits  that  can  perform  this  log¬ 
ical  operation  and  similar  ones  have 
been  built  and  tested. 

The  ability  to  combine  data  storage 


with  logic  in  a  single  miniature  device 
is  the  most  appealing  aspect  of  mag¬ 
netic-bubble  technology.  In  the  simplest 
memory  arrangement  bubbles  can  be  in¬ 
troduced,  shifted  and  detected  in  an 
endless-loop  shift  register.  As  for  exact¬ 
ly  how  such  a  register  can  be  imple¬ 
mented,  there  are  many  options.  We 
have  been  most  successful  with  field  ac¬ 
cess  by  rotating  an  in-plane  field  with  a 
structure  consisting  of  T’s  and  bars  or 
similar  shapes.  Registers  as  long  as  10,- 
000  steps  in  a  chip  .1  inch  on  a  side  are 
being  tested  [see  illustrations  on  page 
80]. 

Interconnected  endless-loop  shift  regis- 
A  ters  provide  the  framework  for  mass- 
memory  designs.  Data,  stored  in  what 
are  designated  minor  loops,  are  trans¬ 


BUBBLE  MASS-MEMORY  can  be  organized  so  that  a  number  of  minor  loops  hold  data 
and  transfer  them  on  command  into  a  major  loop  for  readout.  Here  data  ( light  color)  have 
been  transferred  from  six  minor  loops  into  a  previously  empty  major  loop.  The  resulting 
gaps  in  the  minor-loop  data  streams  can  be  replaced  by  either  the  old  data  or  new  data. 
New  data  are  inserted  into  the  memory  by  transferring  selected  huhhles  from  the  hubhle 
reservoir  loop  ( G-X )  in  response  to  “write”  commands  ( D ).  Data  are  erased  from  the 
memory  by  operating  ( E )  and  transferring  huhhles  from  the  major  loop  into  the  annihila- 
tor  ( X )  at  lower  right.  Major-minor  loop  blocks  with  a  capacity  of  20,000  hubbies  each,  in¬ 
terconnected  into  a  rectangular  array,  provide  random  access  to  streams  of  data  in  a  15-mil- 
lion-bit  memory.  T’ s  and  E9 s  are  interconnected  along  horizontals,  D’s  and  S9s  along  verticals. 
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ferred  into  a  single  major  loop  for  read¬ 
out  and  also  for  alteration  if  it  is  de¬ 
sired.  The  heart  of  the  scheme  is  the  op¬ 
eration  during  which  bubbles  are  trans¬ 
ferred  from  the  minor  loops  to  the  major 
loop  and  returned.  The  transfer  must 
function  smoothly  within  the  cycle  of 
the  rotating  magnetic  field.  The  scheme 
also  requires  bubble-generation  and  bub¬ 
ble-erasure.  To  erase  a  bubble  we  mere¬ 
ly  transfer  it  into  a  minor  loop  that  is 
eqiiipped  with  a  bubble-eater.  To  enter 
data  we  selectively  transfer  bubbles 
from  a  bubble  reservoir,  which  is  in  real¬ 
ity  a  minor  loop  equipped  with  a  bubble- 
generator  at  one  end  and  a  bubble-eater 
at  the  other.  The  in-plane  field  rotates 
continuously  during  all  operations.  As  a 
prototype  for  a  bubble  mass-memory  we 
have  designed  and  built  a  “telephone 
repertory  dialer,”  a  device  for  storing  50 
to  100  frequently  called  telephone  num¬ 
bers  [see  illustration  on  this  page]. 

The  most  promising  method  for  mak¬ 
ing  garnet  bubble  materials  is  to  grow 
them  as  epitaxial  films  between  three 
and  10  millimicrons  thick  on  a  nonmag¬ 
netic  single-crystal  substrate.  An  epitax¬ 
ial  film  is  one  that  copies  the  crystal  lat¬ 
tice  of  the  substrate.  Both  liquid-phase 
and  chemical-vapor  epitaxy  have  been 
successfully  exploited  to  produce  garnet 
films.  Defect  densities  as  low  as  10  per 
square  centimeter  have  been  achieved  in 
platelets  able  to  accommodate  as  many 
as  15  repertory  memories,  each  with  a 
capacity  of  4,000  bits.  Experimental  reg¬ 
isters  with  storage  densities  exceeding 
2.5  million  bits  per  square  inch  and  with 
data-processing  rates  up  to  a  million  bits 
per  second  have  also  been  built.  We  ex¬ 
pect  to  process  our  propagation  and  de¬ 
tection  circuits  directly  on  the  epitaxial 
garnet  chips. 

Improvements  in  both  bubble  mate¬ 
rials  and  circuitry  now  enable  us  to  build 
a  20,000-step  bubble  register  in  the 
same  area,  two  millimeters  square,  for¬ 
merly  required  by  20-step  register.  In 
the  volume  of  a  three-inch  cube  we 
should  be  able  to  build  a  bubble  mem¬ 
ory  with  a  storage  capacity  of  107  bits, 
using  stacks  of  processed  garnet  wafers. 
Only  10  watts  of  power  will  be  required 
to  move  data  in  and  out  at  the  rate  of 
200,000  bits  per  second.  Since  magnetic- 
bubble  domains  are  shifted  from  point 
to  point  by  arrays  of  magnetic  elements 
that  derive  their  energy  from  an  exter¬ 
nally  generated  rotating  field,  very  few 
wire  connections  to  the  outside  world 
are  needed.  We  anticipate  that  magnetic 
b.ubbles  will  provide  large-capacity  in¬ 
formation  storage  of  high  reliability  at 
very  low  cost. 


Propagation  of  Cylindrical  Magnetic 
Domains  in  Orthoferrites 
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Abstract — Bits  of  information,  represented  by  cylindrical  mag¬ 
netic  domains  in  a  thin  platelet  of  orthoferrite  magnetized  normal 
to  the  platelet,  can  be  propagated  by  applying  a  rotating  uniform 
transverse  magnetic  field  to  magnetize  a  structured  soft  magnetic 
overlay  placed  in  the  same  plane  as  the  orthoferrite.  Typically, 
the  orthoferrite  platelets  are  2  mils  thick  and  the  domains  are 
1  to  2  mils  in  diameter.  The  structured  overlay  can  be  an  etched 
pattern  of  1-  by  5-mil  5000-A-thick  evaporated  Permalloy  rec¬ 
tangles,  requiring  transverse  fields  on  the  order  of  10  Oe.  A  bit 
packing  density  between  104  and  105  bits/in2  can  be  achieved 
usipg  1-mil  domains  and  a  bit  rate  of  1  MHz  is  believed  possible. 

Because  of  the  structural  simplicity  of  devices  using  propagating 
cylindrical  domains  driven  by  uniform  fields,  they  are  economically 
attractive.  Another  feature  is  that  logic  can  be  performed  within 
the  device  by  utilizing  the  interaction  between  domains. 

ORTHOFERRITE  platelets,  with  an  easy  axis  of 
magnetization  normal  to  the  platelet,  show  promise 
for  use  in  high-density  shifting-information  devices  that 
are  also  capable  of  performing  logic  within  the  device 
itself.  Bobeck  pj,  [_2~\  has  shown  that  information  can 
be  inserted,  transmitted,  stored,  and  operated  on  logically 
by  using  conductor  loops  to  manipulate  3-mil-diameter 
circular  magnetic  domains  in  orthoferrite  platelets  approx¬ 
imately  2  mils  thick.  The  wiring  pattern  resolution  and 
current-carrying  capabilities  of  the  loops  would  probably 
limit  the  density  of  such  devices  to  between  104  to  105 
bit/in2.  This  paper  reports  on  a  propagation  mode  which 
uses  soft  magnetic  overlays  and  a  sequence  of  uniform 
magnetic  fields  to  accomplish  the  required  manipulation 
of  domains  in  the  orthoferrite.  Using  this  mode,  propaga¬ 
tion  at  4  X  104  bit/in2  density  has  been  achieved  while 
propagation  at  densities  of  106  bit/in2  and  greater  is  be¬ 
lieved  possible  because  of  the  relatively  simple  overlay 
patterns  and  the  elimination  of  the  need  for  a  large  number 
of  conductors  and  connections. 

The  properties  of  domain  structures  in  thin  platelets 
of  barium  ferrite  magnetized  normal  to  the  platelets  have 
been  reported  by  Kooy  and  Enz  £3].  Thiele  [4]  has 
extensively  discussed  the  general  theory  of  cylindrical 
domains  in  thin  magnetic  platelets.  Bobeck  £1],  [2~]  has 
shown  that  cylindrical  domains  which  are  stable  in  size 
and  position  are  present  in  thin  orthoferrite  platelets 
magnetized  normal  to  the  platelet  when  a  uniform  bias 
field  is  applied  along  the  easy  axis  of  the  platelet.  The 
bias  field  is  constrained  to  lie  within  a  stability  range  of 
approximately  8  Oe  centered  at  some  value  less  than  Air 
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Fig.  1.  .  An  infinite  platelet  of  orthoferrite  containing  a  domain  of 
diameter  d  lies  in  the  x-y  plane.  In  the  vicinity  of  the  domain 
the  bias  field  Hb  is  directed  downwards  but  decreases  in  mag¬ 
nitude  along  the  -\-x  direction  only.  The  bias  field  difference 
\&Hb\  —  (dHs/dx)d  across  the  domain  causes  the  domain  to  move 
in  the  2  direction. 

times  the  saturation  magnetization  of  the  material,  M8 , 
and  must  be  directed  antiparallel  to  the  magnetization  of 
the  cylindrical  domains.  The  center  of  the  bias  field  range 
is  determined  by  material  parameters  and  thickness.  If 
the  bias  field  is  decreased  below  the  stability  range,  the 
cylindrical  domains  run  into  strip  domains,  and  if  the 
field  is  increased  above  the  stability  range,  the  domains 
collapse  spontaneously. 

Consider  now  what  happens  if  the  bias  field  is  not 
uniform  in  the  plane  of  the  orthoferrite.  Fig.  1  shows  the 
simple  case  of  a  rigid  cylindrical  domain  magnetized  in 
the  direction.  The  domain  is  in  an  infinite  sheet  of 
orthoferrite  lying  in  the  x-y  plane.  In  the  vicinity  of  the 
domain,  the  bias  field  Hb  is  directed  antiparallel  to  the 
magnetization  of  the  domain  and  has  a  magnitude  which 
is  within  the  stability  range.  Now  if  the  bias  field  is  non- 
uniform  and  not  symmetrical  with  respect  to  the  center 
of  the  domain,  the  domain  will  experience  a  net  un¬ 
balanced  force  due  to  the  different  values  of  bias  field  at 
each  point  of  the  wall.  This  unbalanced  force  combined 
with  the  stiffness  of  the  domain  wall,  causes  the  domain 
to  move  as  an  entity  in  the  direction  of  the  net  force. 
For  example,  if  the  bias  field  is  a  linear  function  of  x  only, 
the  domain  will  move  in  the  direction  of  decreasing  bias 
field  magnitude  with  a  velocity  given  by  [4] 
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Fig.  2.  Domain  propagation  device.  Cylindrical  domains  in  the 
platelet  of  orthoferrite  can  be  moved  about  by  using  a  sequence 
of  in-plane  magnetic  fields  produced  by  the  x  and  y  coils  to 
magnetize  the  overlay.  The  bias  coil  produces  a  normal  field 
which  keeps  the  domains  stable  in  size. 

f|Mw(|  A Ha  I  -  (8 /t)Hc),  |  AHb  |  >  (8 /ir)Hc 

M  = 

[0,  |  AHb  \  <  (8 /t)H, 

where  jjlw  and  Hc  are,  respectively,  the  wall  mobility  and 
coercivity  of  the  orthoferrite  and  |  A HB  |  =  ( dHB/dx)d , 
where  d  is  the  diameter  of  the  domain.  This  equation  can 
be  derived  by  using  the  usual  velocity  and  dissipation 
relations  for  a  planar  domain  wall  and  integrating  over 
the  entire  wall  of  a  cylindrical  domain.  Note  that  as  the 
domain  moves,  the  magnitude  of  the  average  bias  field 
effective  on  the  domain  decreases  and  if  the  domain  is 
allowed  to  travel  a  sufficient  distance  it  will  reach  a  point 
where  it  will  run  into  a  strip  domain.  Circular  domains 
can  be  manipulated,  therefore,  by  producing  local  field 
gradients  that  do  not  allow  the  domains  to  run  out  of 
the  stable  bias  field  range. 

In  practice  the  local  field  gradients  are  produced  by 
applying  an  in-plane  (transverse)  uniform  magnetic  field 
to  magnetize  a  structured  soft  magnetic  overlay  also  in 
the  plane  of  the  platelet.  Manipulation  of  the  magnetic 
poles  produced  in  the  overlay  allow  controlled  domain 
motion  to  be  achieved.  The  transverse  magnetic  field  has 
no  direct  effect  on  the  domains  due  to  the  high  uniaxial 
anisotropy  of  the  orthoferrites. 

The  simplicity  of  an  arrangement  to  manipulate  do¬ 
mains  is  illustrated  in  Fig.  2,  which  shows  an  orthoferrite 
platelet,  magnetic  overlay,  and  transverse  and  bias  field 
coils.  No  electrical  connections  to  the  orthoferrite  platelet 
or  magnetic  overlay  are  required. 

It  is  convenient  to  describe  this  method  of  domain 
manipulation  by  considering  the  pole  positions  of  the 
magnetic  overlay  as  +,  — ,  or  0  charged  fixed  magnetic 
charges  and  the  domains  as  —  charged  movable  mag¬ 
netic  charges  which  are  then  attracted  to  or  repelled  from 
the  fixed  charges.  The  overlay  itself  is  an  arrangement 
of  magnetic  bars.  If  the  transverse  field  is  applied  along 
the  long  dimension  of  a  bar,  the  demagnetizing  field  of 
the  bar  is  minimal  and  strong  magnetic  poles  are  formed 
at  the  ends  of  the  bars.  If  the  transverse  field  is  applied 
across  the  short  dimension  of  a  bar,  the  large  demagnetiz¬ 
ing  effect  opposes  formation  of  any  appreciable  pole 
strength.  Thus  by  properly  directing  the  transverse  field, 
a  given  pole  position  can  be  charged  +,  — ,  or  0. 


Pkopagation  of  Domains 

The  simplest  manipulation  of  domains  is  the  straight¬ 
forward  propagation  of  domains  along  tracks  defined  by 
the  magnetic  overlay.  Fig.  3  shows  a  soft  magnetic  overlay 
which  requires  a  sequence  of  -\-y,+x,—  y,— x,  •  •  •,  di¬ 
rected  pulsed  transverse  fields  or  alternatively,  a  clock¬ 
wise  rotating  field.  This  pattern  is  called  a  T-BAR  overlay 
because  of  the  arrangement  of  the  magnetic  bars.  Accord¬ 
ing  to  the  magnetic  charge  convention  assumed  here, 
the  domains  are  attracted  to  +  pole  positions  and  re¬ 
pelled  from  —  pole  positions.  In  Fig.  3(a),  the  field  is 
directed  in  the  -\-y  direction  and  domains  are  located  at 
the  +  pole  positions  as  shown.  When  the  field  direction 
changes  to  +x,  —  poles  appear  to  the  left  of  the  domains, 
+  poles  to  the  right,  and  the  pole  that  the  domain  was 
situated  on  disappears.  The  resulting  field  gradient  be¬ 
tween  the  oppositely  charged  poles  forces  the  domains  to 
the  right  onto  the  newly  formed  +  poles.  This  se¬ 
quence  repeats  itself  as  the  field  direction  changes  to 
— y7— £,+?/,  •  •  *,  with  the  net  result  that  the  domain 
propagates  continually  to  the  right,  thus  effecting  trans¬ 
mission  of  information.  Note  that  since  there  is  no  in¬ 
herent  directionality  in  the  field  sequence,  propagation 
in  any  direction  can  be  achieved  with  the  same  field  se¬ 
quence  simply  by  properly  positioning  the  T-BAR  prop¬ 
agation  track.  For  example,  the  same  field  sequence  of 
Fig.  3  will  produce  bottom-to-top  propagation  if  the 
T-BAR  pattern  shown  were  rotated  90°  counterclockwise, 
right  to  left  for  180°  rotation,  and  top  to  bottom  for  270° 
rotation.  A  closed-loop  propagation  track  can  therefore 
be  formed  by  piecing  together  properly  rotated  segments 
of  a  T-BAR  pattern. 

A  particular  example  of  propagation  of  domains  uses 
a  5000-A-thick  evaporated  isotropic  Permalloy,  8-mil- 
period,  T-BAR  pattern  driven  by  a  constant  velocity 
rotating  transverse  field.  The  bars  of  the  pattern  are  1  mil 
wide  by  5  mils  long.  The  T's  are  5  mils  wide  by  5  mils 
high  and  can  be  considered  as  two  1  mil  by  5  mil  bars 
arranged  as  a  T.  The  orthoferrite  is  a  platelet  of 
Sm0.58Tb0.42FeO3  which  was  cut  from  a  flux  grown  crystal 
and  polished  to  a  2-mil-thickness.  The  magnetization  of 
the  orthoferrite,  4ctMs,  was  106  gauss,  and  the  bias  range 
was  from  36  to  44  Oe.  For  this  range  a  domain  on  the 
T-BAR  circuit  has  a  diameter  of  1  to  1.5  mils.  The  mini¬ 
mum  transverse  field  required  was  10  Oe. 

If  it  is  assumed  that  the  poles  formed  on  the  ends  of 
the  bars  look  like  1 -mil-long  line  charges  when  the  bars 
are  driven  in  their  long  dimensions,  the  maximum  bias 
field  change  averaged  over  a  2-mil-thick  platelet  placed 
0.1  mil  above  the  end  of  the  bar  is  26  Oe  for  the  Perm¬ 
alloy  dimensions  given  above.  Using  a  linear  approxima¬ 
tion,  the  two  opposite  line  charges  at  the  ends  of  a  5-mil 
bar  produce  a  gradient  of  10.4  Oe/mil.  The  wall  mobility 
[5],  ixw ,  and  the  wall  coercivity  for  the  material  used 
were,  respectively,  330  cm/s-Oe  and  0.1  Oe.  A  1.5-mil- 
diameter  domain  situated  at  the  center  of  a  T  would 
travel  toward  the  +  charged  pole  with  a  velocity  of 
approximately  2500  cm/s  and  would  traverse  2.5-mil 
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Fig.  3.  T-BAR  propagation.  Cylindrical  domains  are  attracted 
to  +  magnetic  poles  that  appear  when  the  in-plane  field  is  di¬ 
rected  along  a  long  dimension  of  a  T  or  bar.  As  the  field  sequences, 
or  rotates  clockwise, .  +  poles  always  appear  immediately  to 
the  right  of  the  domains,  causing  them  to  propagate  toward  the 
right. 


Fig.  4.  Domain  generation.  A  permanent  domain  associated  with 
the  rotating  +  pole  configuration  of  the  generator  disk  is  forced 
to  stretch  when  one  end  becomes  trapped  in  the  T-BAR  prop¬ 
agate  channel.  When  the  in-plane  rotating  field  Hr  is  directed 
upward,  the  —  poles  near  the  stretched  portion  of  the  domain 
cause  it  to  sever  into  two,  leaving  a  newly  formed  domain  in 
the  propagate  channel. 


(6.35  X  10-3  cm)  distance  in  2.5  /zs.  In  a  similar  manner 
the  1.5-mil  jump  from  the  end  of  a  T  to  a  +  pole  at  the 
end  of  an  adjacent  bar  would  take  0.9  jul s.  Because  it  re¬ 
quires  two  of  each  type  of  step  per  period,  the  cycle  time 
(bit  rate)  would  be  147  kHz  for  this  particular  example. 
Since  orthoferrites  with  higher  mobilities  are  available, 
and  the  magnetic  overlay  can  be  designed  to  produce 
higher  field  gradients,  the  upper  limit  of  bit  rates  for 
propagation  is  expected  to  be  between  1  and  10  MHz. 

Domain  Generation 

The  most  promising  way  to  insert  information  into  a 
propagating  channel  is  to  maintain  a  domain  near  the 
entrance  to  the  channel,  divide  the  domain  into  two,  and 
allow  the  newly  formed  domain  to  enter  the  channel. 
This  operation  can  be  achieved  either  by  the  use  of  con¬ 
ducting  loops  or  by  a  soft  magnetic  overlay  pattern  and 
a  rotating  transverse  field  as  will  be  discussed  in  the 
following. 

Fig.  4  shows  a  typical  domain  generator.  The  entrance 
to  the  T-BAR  propagating  channel  is  from  the  left  if 
the  field  is  rotating  clockwise.  The  large  generator  disk 
at  the  entrance  maintains  a  domain  which  stays  in  con¬ 
tact  with  the  +  poles  formed  on  the  disk  by  a  rotating 
transverse  magnetic  field.  As  the  field  rotates  to  the 
position  shown  in  Fig.  4(a),  the  domain  is  forced  to  pass 
over  the  first  +  pole  formed  at  the  left  end  of  the  propa¬ 
gating  channel.  When  the  field  rotates  another  quarter 
cycle,  Fig.  4(b),  one  end  of  the  domain  becomes  attached 
to  the  advancing  +  poles  of  the  propagating  channel 
while  the  other  remains  attached  to  the  +  poles  of  the 


disk.  As  the  field  rotates  further,  Fig.  4(c),  the  two  ends 
of  the  domain  are  forced  to  travel  in  opposite  directions, 
and  a  —  pole  distribution  begins  to  build  up  near  the 
center  of  the  stretching  domain,  forcing  it  away  from 
the  disk.  When  the  —  pole  distribution  is  maximum  near 
the  stretched  portion  of  the  domain,  Fig.  4(d),  the  field 
from  the  disk  shrinks  that  portion  of  the  domain  width 
until  it  becomes  unstable  and  the  domain  suddenly  rup¬ 
tures  into  two  portions,  one  remaining  on  the  disk  and 
the  other  remaining  in  the  propagation  channel.  Both 
domains  then  return  to  a  domain  size  determined  by  the 
bias  field  with  the  result  shown  in  Fig.  4(e). 

In  general  the  minimum  transverse  field  required  for 
domain  generation  is  larger  than  the  minimum  field  for 
propagation;  therefore,  insertion  of  domains  into  a  single 
channel  can  be  controlled  by  increasing  the  amplitude  of 
the  rotating  transverse  field  for  either  an  entire  cycle  or 
for  only  that  portion  of  the  cycle  (approximately  i  cycle) 
where  the  domain  becomes  stretched  to  its  maximum. 
Insertion  of  information  in  multichannel  devices  (say  up 
to  10  channels)  can  be  controlled  by  designing  the  geom¬ 
etry  of  the  generators  so  that  either  the  amplitude  of  the 
rotating  field,  or  the  portion  of  the  cycle  that  must  be 
increased,  or  both,  is  different  for  different  channels. 

An  example  of  domain  generation  uses  a  magnetic 
overlay  made  from  8900-A  isotropic  Permalloy.  The 
T-BAR  propagation  channel  has  the  same  dimensions  as 
previously  stated  and  the  generator  disk  is  9  mils  in 
diameter  with  a  2.5-mil  protrusion  into  the  propagate 
channel.  The  orthoferrite  is  a  2-mil-thick  platelet  of 


Sm0.55Tbo.45Fe03  with  4tMs  =  108  gauss.  The  bias  field 
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Fig.  5.  Cylindrical  domain  flip-flop.  The  state  of  the  flip-flop  is 
determined  by  the  presence  or  absence  of  a  trapped  circulating 
domain  at  the  sequencing  pole  positions  (idler)  4,  5,  6,  and  7. 
Each  new  domain  entering  the  input  channel  x  changes  the 
state  of  the  flip-flop  by  becoming  trapped  in  the  idler  if  it  is 
empty  or  by  forcing  the  trapped  domain  from  the  idler  if  it  is  full. 


is  42  Oe  producing  approximately  1.5-mil-diameter  do¬ 
mains.  The  transverse  field  amplitude  necessary  to  gen¬ 
erate  domains  is  20-Oe  peak  while  10-Oe  peak  is  sufficient 
to  propagate  domains. 

Domain  Logic 

Logic  can  be  performed  in  cylindrical  domain  devices 
by  utilizing  the  repelling  forces  between  domains.  T-BAR 
like  overlays  are  used  to  transport  domains  close  enough 
to  allow  the  interactions  to  occur.  An  overlay  arrange¬ 
ment  particularly  useful  for  performing  logic  functions  is 
that  of  an  idler  position  into  which  a  domain  can  be 
inserted  and  forced  to  circulate  within  a  relatively  fixed 
position  as  the  transverse  field  rotates. 

An  example  of  domain  logic  uses  the  Permalloy  overlay 
of  Fig.  5.  A  logic  variable  N  is  determined  by  the  presence 
or  absence  of  a  domain  circulating  in  the  idler  position 
formed  by  the  four  bars  which  provide  the  pole  positions 
4,  5,  6,  and  7.  The  input  variable  X  is  determined  by 
the  presence  of  absence  of  a  domain  in  the  T-BAR  track 
defined  by  pole  positions,  •• ‘,  —  3,  — 2,  — 1,1,2,  and  two 
output  tracks  3', 4', 5',  •  •  • ,  and  7', 8', 9',  •  •  • ,  deliver  the 
logic  function  X*N.  N  is  the  flip-flop  function  N  = 
X  •  (N  —  1)  +  X  •  (N  —  1)  where  (N  —  1)  is  the  pre¬ 
vious  state  of  the  flip-flop.  As  the  transverse  field  rotates 
counterclockwise,  a  domain  entering  this  device  will  travel 
along  successively  generated  poles  —3,  —2,  —1,  and  1. 
When  the  domain  reaches  pole  2  it  has  two  possible 
next  poles,  3  and  3'.  Pole  3  is  always  preferred  because 
of  its  proximity  to  pole  2  unless  another  domain  is  present 
on  pole  6.  In  the  latter  case,  3'  is  the  preferred  next  step 
because  of  the  repelling  force  between  the  two  domains. 
Similarly,  a  domain  on  pole  6  has  pole  7  as  a  next  position 
unless  there  is  another  domain  on  pole  2  which  causes  7' 
to  be  the  next  position.  The  simultaneous  occurrence  of 
domains  on  both  the  input  pole  2  and  the  idler  pole  6, 


therefore,  cause  the  domains  to  force  each  other  apart 
during  the  next  step  and  move  to  the  first  poles  3'  and  7' 
of  the  output  tracks.  All  other  possibilities  of  domain 
positions  for  the  next  step  are  excluded  because  of  the 
repelling  force  between  the  domains.  Once  in  the  output 
tracks  3', 4', 5',  •  •  •,  and  7', 8', 9',  •  •  •,  the  domains  hence¬ 
forth  move  away  from  the  idler  leaving  it  empty.  How- 
ever,  if  there  is  no  domain  on  the  idler  pole  6  when  the 
input  domain  reaches  pole  2,  the  input  domain  goes  next 
to  pole  3  and  becomes  trapped  in  the  successively  gen¬ 
erated  idler  poles  4, 5, 6, 7, 4, 5,  •  •  •,  until  a  new  domain 
from  the  input  track  forces  it  out.  The  device,  therefore, 
acts  like  a  flip-flop  with  one  input  and  two  identical 
outputs.  The  presence  or  absence  of  a  domain  in  the 
idler  position  determines  the  state  of  the  flip-flop.  A 
binary  counter  can  be  made  by  using  one  of  the  outputs 
as  a  carry  to  succeeding  stages.  Flip-flops  have  been 
operated  by  using  11  000-A  Permalloy  with  the  overlay 
design  consisting  of  the  usual  1  by  5  mil  rectangles.  The 
orthoferrite  was  TbFe03,  with  a  54-Oe  bias  producing 
3-mil-diameter  domains.  The  rotating  field  peak  ampli¬ 
tude  was  approximately  17  Oe. 

Discussion 

The  preceding  was  intended  to  show  that  generation, 
transmission,  storage,  and  logic  is  possible  using  cylindrical 
magnetic  domains  and  an  externally  applied  uniform 
driving  energy  source.  Orthoferrites  are  only  one  of  a 
number  of  materials  that  have  the  necessary  magnetic 
properties  to  produce  cylindrical  domains  and  were  used 
to  illustrate  the  functions  described  here  because  they 
were  available  and  possessed  the  optical  properties  that 
allowed  the  functions  to  be  viewed  (and  therefore  more 
easily  developed)  by  using  Faraday  rotation.  To  date, 
most  of  the  functions  described  here  were  only  demon¬ 
strated  at  visual  frequencies,  however,  from  what  is 
already  known  about  domain  wall  mobility  and  thin 
Permalloy  film  switching,  operation  at  a  frequency  in 
excess  of  1  MHz  should  be  possible. 
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Abstract — A  3648-bit  memory,  based  on  bubble  technology,  has 
been  designed  and  constructed.  This  moderately  high-density 
design,  600  bit/mm2,  serves  as  a  test  vehicle  for  proposed  mass 
memories.  The  series-parallel  organization  utilizes  38  transfer  gates 
that  are  simultaneously  activated  by  reverse  rotation  of  the  drive 
field.  Forty-eight  words  of  76  bits  each  can  be  stored  and  randomly 
accessed.  The  storage  medium  is  Gd2.34Tbo.66Fe5Oi2,  and  T-bar 
propagating  circuits  are  used. 
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The  design  and  operation  of  the  memory  is  described.  The 
operating  margins  are  given.  Underlying  design  principles  and 
criteria  for  propagating  circuits  have  evolved  and  are  presented. 

Introduction 

A  BUBBLE  MEMORY  of  3648  bits  [1],  utilizing 
uniaxial  magnetic  garnets  [2],  has  been  designed 
and  operated  under  laboratory  conditions.  This  memory 
represents  the  storage  portion  of  a  repertory  dialer  [3]. 
By  changing  the  storage  medium  from  orthoferrite  to 
garnet,  the  area  required  has  been  reduced  by  a  factor 
of  50.  This  paper  reports  on  the  design  features,  design 
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48  NUMBER  GARNET 
REPERTORY  DIALER  MEMORY 

Fig.  1.  Schematic  representation  of  48-number  repertory  dialer. 


parameters,  and  memory  operating  margins.  General 
propagating  circuit  [2]  design  principles  and  considera¬ 
tions  are  also  presented. 

Memory  Design 

This  memory  is  based  on  a  series-parallel  organization 
[3],  shown  in  Fig.  1,  with  38  storage  loops  connected  to  a 
common  assembly  loop.  T-bar  [4]  propagate  elements 
are  used  in  both  types  of  loops.  Forty-eight  numbers  of 
76  bits  are  stored  in  a  distributed  fashion  of  two  bits  to 
each  loop.  Each  loop  has  a  capacity  of  96  bits  making 
a  total  capacity  of  3648  bits.  A  wire-controlled  generator 
provides  data  input,  an  annihilator  loop  disposes  of 
undesired  bubbles,  and  a  single  detector  provides  readout. 

Information  is  transferred  between  all  storage  loops 
and  the  assembly  loop  simultaneously  by  reversing  the 
sense  of  rotation  of  the  drive  field.  Two  bits  of  information 
are  transferred  to  and  from  each  storage  loop  by  two 
cycles  of  reverse  rotation. 

A  sequential  stream  of  76  bits  of  information  created  by 
the  generator  propagates  in  response  to  a  forward  prop¬ 
agation  field  along  the  assembly  loop  in  the  direction 
indicated  by  the  arrows.  When  the  leading  bit  arrives  at 
the  upper  propagate  track  of  the  38th  storage  loop, 
transfer  occurs.  Any  further  forward  propagation  cir¬ 
culates  the  bubbles  in  the  storage  loops.  The  transfer 
operation  effectively  adds  two  periods  to  the  storage  loop 
length.  Therefore,  the  assembly  loop  length  must  be  an 
integer  multiple  of  the  storage  loop  length  plus  two  in 
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order  to  replace  information  in  the  same  storage  position 
from  which  it  was  extracted.  In  this  particular  organiza¬ 
tion  the  storage  loop  has  96  positions  and  the  assembly 
loop  has  194. 

This  memory  uses  a  continuous  generator  [4];  how¬ 
ever,  a  wire  generator  [3]  which  operates  on  pulse  com¬ 
mand  will  ultimately  be  used.  Collapsing  undesired  bubbles 
is  easily  accomplished  by  locally  raising  the  bias  field 
above  the  collapse  margin  of  the  propagating  path  with  a 
pulsed  hairpin  conductor. 

The  most  critical  element  in  this  memory  design  is  the 
transfer  gate,  shown  in  Fig.  2.  This  sj^stem  of  propagate 
elements  must  operate  as  a  turn  when  the  drive  is  rotating 
in  the  forward  propagation  direction  and  act  as  a  linear 
propagate  track  during  reverse  rotation. 

The  transfer  action  can  be  understood  by  observing  the 
sequentially  numbered  attractive  pole  positions.  Sub¬ 
sequent  forward  positions  are  in  a  1  to  2  to  3  to  4  to  1 
sequence  while  the  reverse  sequence  is  1  to  4  to  3  to  2  to  1. 
The  drive  field  always  originates  and  terminates  with  an 
attractive  pole  at  position  1.  A  bubble  is  transferred  from 
the  storage  loop  to  the  assembly  loop  by  first  generating 
an  attractive  pole  at  position  1.  The  bubble  shown  in 
dashed  outline  then  moves  to  the  next  attractive  position 
at  4.  The  following  position  is  3;  however,  two  position 
3s  are  available  from  position  4.  By  design  one  of  these 
poles  becomes  strongly  attracting  earlier  in  the  quarter- 
cycle  of  rotation  and  is  physically  closer  and,  therefore, 
causes  the  bubble  to  propagate  towards  it.  A  further  half¬ 
cycle  of  field  places  the  bubble  in  the  assembly  loop  via 
positions  2  and  1. 

A  bubble  shown  in  dotted  outline  is  transferred  into  the 
storage  loop  in  the  same  manner;  the  field  originates  at  1 
and  rotates  towards  4.  The  bubble  moves  to  the  projection 
on  the  same  bar  since  by  orientation  and  length  this  pole 
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represents  the  most  energetically  favorable  position.  The 
bubble  follows  the  pole  to  position  3,  then  across  the 
separation  to  2,  and  finally  to  1  inside  the  storage  loop. 

The  sensitivity  to  direction  of  rotation  is  generated  by 
distortions  of  the  T  and  Y  propagate  element  configura¬ 
tions.  The  inner  storage  loop  turn,  designated  A,  is  a  Y- 
shaped  element  with  the  protrusion  offset  from  the  center 
line  of  the  loop.  Offsetting  this  pole  position  enhances  the 
transfer  to  the  lowTer  side  of  the  loop.  However,  as  this 
distortion  brings  the  two  number  3  poles  nearer  to  one 
another,  the  I-shaped  element  numbered  1-4-3  is  also 
distorted  to  regain  this  spacing.  Similarly,  the  I  elements 
between  turn  A  and  the  assembly  loop  are  distorted  into 
Z  shapes  to  enhance  the  angular  field  dependence  of  the 
crosspiece  and  to  decrease  critical  pole  separations. 
Protrusions  are  used  to  minimize  pole  spreading. 

Fig.  3  shows  the  turn  configurations  used.  The  storage 
loop  turn,  shown  in  Fig.  3(a),  utilizes  distorted  “pipped- 
T”  elements.  Fig.  3(b),  (c),  and  (d)  show  the  lower, 
central,  and  upper  turns  of  the  assembly  loop,  respec¬ 
tively.  The  assembly  loop  turns  have  only  unidirectional 
propagation  requirements  since  information  is  never 
present  in  them  during  reverse  propagation.  Fig.  3(c) 
shows  a  unidirectional  turn.  The  short  bar  associated 
with  the  inner  section  is  utilized  as  a  repelling  pole  during 
forward  propagation. 

Operating  Margins 

The  composite  margin  plot  for  the  entire  memory  is 
shown  in  Fig.  4.  The  data  were  obtained  by  evaluating 
each  function:  forward  assembly  loop  propagation, 
storage  loop  propagation,  and  gate  transfer  optically, 
with  less  than  10-Hz  rotating  field,  on  an  individual 
basis  in  order  to  simplify  data  collection.  All  measure¬ 
ments  were  obtained  during  the  same  testing  period  using 
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Fig.  4.  Propagation  margin  for  garnet  repertory  dialer. 

the  same  memory  components.  This  margin  plot  repre¬ 
sents  the  operational  window  that  resulted  from  a  super¬ 
position  of  individual  margins.  Various  propagating 
elements  used  in  this  design  have  been  operated  at  drive 
field  frequencies  up  to  150  kHz  [5  ]. 

Multiple  bubble  interaction  fields  can  cause  bias  margin 
limits  to  shift  and  thus  to  differ  from  those  of  either 
individual  or  continuous  bubble  streams.  Three  adjacent 
bubble  data  streams  were  used  to  represent  a  simplified 
worst  case  condition. 

The  upper  margin  limit  of  this  design  is  caused  by 
bubble  collapse  at  the  most  critical  circuit  position,,  i.e., 
at  the  protrusion  of  the  gate  turn  element.  The  lower 
margin  limit  was  set  by  bubble  stripout  at  adjacent 
similar  poles  in  the  entire  gate  region.  The  8-percent  bias 
field  and  66-percent  drive  field  margins  were  obtained 
using  ciruits  prepared  from  4000-A-thick  Permalloy,  with  a 
spacing  between  Permalloy  and  garnet  surfaces  of  ap¬ 
proximately  5000  A.  Drive  fields  in  excess  of  60  Oe  were 
within  the  range  of  operation.  The  bias  field  margin  for 
an  individual  gate  was  10  percent. 

The  flux-grown  magnetic  garnet  used  in  this  work  had 
a  nominal  composition  of  Gd2.34Tbo.66Fe5Oi2.  The  free 
bubble  collapse  diameter  was  9  ^m  at  123-Oe  bias  field. 
A  38-/xm  propagating  path  period  was  used;  each  element 
had  a  nominal  width  of  5  /x m  with  a  2.5-/xm  space  between 
elements.  This  circuit  design  has  been  successfully  used 
with  several  garnet  compositions  including  epitaxial 
garnets  [6]. 


General  Design  Considerations 

Several  design  considerations  which  are  applicable  to 
most  field  access  propagate  elements  have  evolved  from 
the  experience  gained  on  this  project.  Some  became  in¬ 
tuitively  evident  after  the  fact. 

An  important  circuit  design  consideration  is  the  angle 
at  which  a  pole  wTill  be  formed  with  respect  to  the  rotating 
field  direction.  This  angular  dependence  can  usually  be 
modified  by  increasing  the  element  wddth,  and  the  as¬ 
sociated  demagnetization  field,  to  cause  a  pole  to  appear 
later,  or  by  decreasing  it  for  an  earlier  pole.  Bubbles 
behave  in  a  more  predictable  fashion  when  propagated  by 
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attractive  rather  than  repulsive  poles.  This  fact  becomes 
intuitively  apparent  when  the  effects  of  exceeding  the 
upper  and  lower  margin  limits  are  considered.  A  strong 
attractive  pole  can  cause  a  bubble  to  strip  out  in  a  con¬ 
trolled  fashion.  A  strong  repulsive  pole,  however,  may 
exceed  the  bias  field  collapse  level  and  thus  annihilate  the 
bubble.  Poles  are  seldom  formed  at  the  ends  of  propagate 
elements  with  moderate  to  low  drive  levels;  the  bubble 
instead  has  been  observed  to  center  itself  at  about  half 
an  element  width  in  from  the  end.  This  fact  has  to  be 
taken  into  account  when  interactive  poles  are  present. 
Poles  can  be  formed  at  the  end  of  the  longest  magnetic 
path  in  a  particular  field  direction  when  the  included 
angle  between  intersecting  elements  is  less  than  90°. 
Extending  the  element  slightly  past  the  intersection  is  one 
technique  that  can  be  used  to  place  the  pole  where  desired. 
Complex  interactive  pole  configurations  should  be 
avoided  since  operating  margins  can  be  decreased  when 
several  possible  propagate  paths  are  available  from  a  single 
bubble  position. 

Bubbles  are  usually  compliant  and  respond  to  poles  and 
nearby  Permalloy  by  changing  shape.  A  bubble  positioned 
in  such  distorted  fashion  can  decrease  the  interbubble 
spacing  appreciably  and  can  cause  an  undesired  interaction 
to  occur.  Turns  are  particularly  sensitive  to  bubble  inter¬ 
actions  since  most  of  the  forces  will  cause  bubbles  to  be 
ejected  from  the  propagate  path. 

Permalloy  film  anisotropy  has  been  observed  to  affect 
pole  locations.  In  general,  any  existing  anisotropy  in  the 
circuit  of  the  repertory  memory  has  been  oriented  along 
the  reference  field  direction  to  control  the  field-off  position 
of  the  bubbles.  Permalloy  circuit-to-garnet  spacing  is  an 
important  parameter  which  controls  the  magnitude  of 
propagation  margins.  Close  spacing,  say,  less  than  1000  A, 
has  been  found  to  cause  spontaneous  nucleation  in  some 
bulk-grown  garnets.  Straight-line  propagation  has  been 
successful  with  spacings  greater  than  several  micrometers, 
dependent,  of  course,  on  the  circuit  period.  The  memory 
described  here,  however,  did  not  show  sufficient  margins 
whenever  the  spacing  exceeding  1  jum.  Experiments  are 
presently  being  conducted  to  determine  empirically 
the  acceptable  range  of  separation.  Several  means  are 
available  to  maintain  the  proper  spacing.  Diluted  Canada 


balsam  and  low  viscosity  oil  are  laboratory  techniques, 
while  Si02  and  similar  transparent  materials  may  be 
used  on  a  permanent  basis. 

Physical  design  of  propagate  circuits  has  shown  that 
several  variables  can  adversely  affect  comparative  mea¬ 
surements  during  evaluation  of  circuit  element  design 
variations.  Among  these  variables  are  free  bubble  size 
relative  to  circuit  period;  propagate  element  charac¬ 
teristics,  anisotropy,  thickness,  magnetic  moment,  and 
physical  defects;  circuit-to-garnet  separation  and  uni¬ 
formity  of  separation;  departure  of  circuit  from  intended 
form  by  over  or  under  etching,  etc.;  crystal  defects  or 
characteristics  which  may  influence  bubble  propagation; 
drive  and  bias  field  uniformity,  including  mutual  orthog¬ 
onality.  If  the  preceding  system  variations  are  con¬ 
trolled,  valid  comparisons  can  be  made  among  circuit 
variations. 

Conclusion 

Propagate  circuits  proposed  for  use  in  repertory  dialer 
memories  have  been  demonstrated  to  have  reasonable 
operating  margins  at  quasistatic  frequencies.  The  total 
bias  field  margin  for  38  gates  and  storage  loops  operating 
in  parallel  was  8  percent,  while  the  drive  margin  was  66 
percent.  The  2-percent  difference  between  the  overall 
and  individual  bias  margins  is  probably  attributable  to  the 
variations  enumerated  earlier  which  were  not  sufficiently 
controlled.  Characterization  of  the  memory  in  full  func¬ 
tional  operation  can  be  accomplished  after  an  incorpora¬ 
tion  of  a  detector. 
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AN  OVERVIEW  OF  MAGNETIC  BUBBLE  DOMAINS -- 
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ABSTRACT 

The  evolution  of  magnetic  "bubble "  technology  has  continued  at 
a  rapid  pace.  Many  garnet  compositions,  prepared  as  epitaxial  films, 
are  now  available  for  both  materials  and  device  characterization. 

Films  of  the  nominal  composition  Er^EuiGa^Fei^O;^,  grown  by  LEE 
with  growth  induced  anisotropy,  have  been  most  extensively  studied. 
Although  films  with  defect  counts  less  than  5  defects/cm2  are  readily 
produced,  this  particular  garnet  is  hampered  by  the  rather  modest 
mobility  of  80  cm/sec/Oe  and  100  kbits/sec  device  data  rates. 

Although  most  garnets  easily  provide  storage  densities  of 
10^  bits/in2,  the  higher  device  data  rates  achievable  with  increased 
mobility  have  prompted  a  widespread  materials  search.  However, 
improvements  in  bubble  propagation  circuits  can  also  increase  the 
device  data  rate. 

Improved  high  speed  performance  has  been  achieved  with  a  "chevron" 
bubble  circuit  which  consists  of  columns  of  permalloy  a*  s  arranged  as 
^  ^  ^  .  Domains  will  be  driven  to  the  right  by  the  fields  of 
moving  lines  of  magnetic  poles  generated  by  an  in -plane  field  rotated 
clockwise.  Within  the  range  of  device  operation  either  bubbles  or 
island  strip  domains  propagate.  The  number  of  a's  in  a  column  can  be 
adjusted  to  suit  individual  circuit  requirements.  For  example,  a 
two  element  20  Mm  period  chevron  circuit  has  operated  at  300  kHz  with 
an  epitaxial  garnet  film  Eri#^Gd]_#oiOa#22Fe4..78°12  a  mobility 

89  cm/sec/Oe.  Simultaneous  propagation  of  as  many  as  three  domains 
with  movement  lateral  to  the  direction  of  propagation  in  a  13  element 
circuit  has  made  possible  the  design  of  a  full  adder.  Details  of  a 
chevron  bubble  mass  memory  will  be  described. 

1.0  INTRODUCTION 

c 

It  is  evident  from  the  number  of  papers  concerning  all  aspects 
of  magnetic  bubble  technology  that  have  appeared  in  the  past  year 
that  the  rate  of  progress  in  this  comparatively  new  field  has 
remained  at  a  high  level.  Progress  in  the  development  of  bubble 
materials  has  been  especially  swift,  evolving  quickly  through  the 
orthoferrites1  and  hexagonal  ferrites  and  into  the  garnets. 2>3>4  In 
the  garnet  system  the  bulk  crystals  with  their  growth  induced  anisot- 
topy  have  acted  as  stepping  stones  to  a  wide  assortment  of  epitaxial 
films  prepared  with  growth  induced  anisotropy  by  LEE.  In  addition, 
garnet  films  with  stress  induced  uniaxial  anisotropy  have  been 
prepared  by  CVD  and  LEE. 

The  central  theme  of  this  paper  will  concern  the  material -device 
interface.  In  particular  it  will  deal  with  problems  presented  to 
the  device  designer  by  the  newer  high  performance  materials*.  A  new 
bubble  propagation  "chevron"  circuit  especially  compatible  with  low 
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anisotropy  garnets  is  introduced.  Finally,  the  operation  of  special 
bubble  circuits  such  as  bubble  stretchers  and  controlled  generators 
will  be  presented. 


2.0  MATERIAL— DEVICE  INTERFACE 


A  table  of  bubble  material  specifications  suitable  for  the  "field 
access"  bubble  circuit  designer  is  given  below. 5 


TABLE  I 


Bubble 

Material  Specifications — Field  Access 

D 

6  Mm 

Bubble  Diameter 

^7JMg 

150  Gauss  ±1$ 

Magnetization 

h 

6  Mm  ±  1$ 

Thickness 

M 

>200  cm/ sec/Oe 

Mobility 

Hc  . 

<0.3  0e 

Coercivity 

xfs 

A 

vn 

0 

Bro 

Defect  Density 

Hk 

>1.5AttMs) 

Anisotropy  Field 

Bubble  size,  shape,  etc.  insensitive  to 
rotating  in-plane  field  and  temperature. 

These  specifications  reflect  key  material  requirements  consistent  with 
field  access  circuit  objectives  of  10^  bits/in2  and  1  Mbit/sec  data 
rate . 


To  elaborate,  the  operating  bubble  diameter  D  is  dictated  by  the 
storage  density.  Experience  has  shown  that  D  =  6  Mm  represents  a 
good  fit  to  a  circuit  with  a  periodicity  \  =  25  pm.  It  should  be 
noted  that  the  demagnetized  strip  width  is  for  all  practical  purposes 
equal  to  D.  This  alternative  definition  has  the  added  advantage  that 
it  is  not  likely  to  be  ambiguous. 

The  absolute  value  of  the  magnetization  is  not  as  important  as 
the  tolerance  limits.  Even  with  the  magnetization  held  to  ±1$  the 
bias  range  of  ±17$  for  a  Thiele^  ideal  bubble  is  reduced  by  15$. 
Control  of  the  tolerance  limits  of  thickness  h  is  as  important  for 
much  the  same  reason.  However,  the  thickness  h  =  6  Mm  represents  a 
departure  from  the  so-called  ideal  where  thickness  is  chosen  to 
minimize  the  bubble  diameter.  In  the  garnet  system,  since  D  ^  Mg^,  a 
given  diameter  can  be  readily  achieved  and  we  have  increased  the 
thickness  to  increase  the  bubble  fringing  field  and  thereby  assist  in 
the  detection'  of  bubbles,, 

It  is  doubtful  whether  a  data  rate  of  1  Mbit/sec  can  be  achieved 
with  a  mobility  less  than  200  cm/sec/Oe.  Minimizing  Hc,  the  domain 
wall  coercivity,  minimizes  the  drive  field  power. 

With  the  defect  density  maintained  at  5/cm2  or  less,^  the  yield 
of  defect  free  diced  garnet  chips  150  mils  on  a  side  will  be 
approximately  50$.  This  should  establish  20,000  bits  per  chip  as 
the  basic  building  block.  Y-Bar  shift  registers  of  10,000  bit  lengths 
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have  been  operated  on  defect  free  areas  of  ErgEu^Ga  ^Fej^  -dOto  garnet 
films.  Details  of  these  films  are  reported  by  L.  k!  Shici,9 
H.  Jo  Levinstein10  and  J.  E.  Geusic.® 

There  are  several  reasons  why  the  magnitude  of  the  anisotropy 
field  should  be  at  least  6t7Ms.  DeBonte11  has  shown  that  the  range 
of  bubble  stability  is  severely  reduced  if  is  further  reduced. 
Another  consideration  is  the  desirability  that  the  bubble  parameters 
of  size,  shape,  range  of  stability,  etc.,  be  insensitive  to  the 
rotating  in-plane  field.  This  latter  point  requires  further  amplifi¬ 
cation. 

First,  refer  to  Table  II  which  lists  the  parameters  of  a  series 
of  epitaxial  films  deposited  on  (ill)  Gd^Ga^O^  substrates  by  LFE.12 
D.  H.  Smith  reported1^  on  the  temperature  behavior  of  most  of  these 
garnets  in  a  paper  at  this  conference. 

TABLE  II 


hiM 

s 

h 

i 

Material 

(gauss) 

(wn) 

(Mm) 

S-IV-1 

Er2EulGa.7Pe4 

,3°12 

295 

5.6 

0.5 

S-VIII 

^ 1 . 99Gdl . 01Ga . 22Pe4 . 78°12 

148 

5.0 

0.9 

s-v' 

5^2^./%. 

3°12 

240 

7.3 

0.46 

s-v'  • 

Tl.03Gdl.29Ib 

175 

2.1 

0.51 

Strip  Width 

Hcol 

.  hs-b 

M- 

Material  (erg/ cm  ) 

Zero-Bias  (nm) 

(Oe) 

(Oe) 

(cm/ 

sec/Oe) 

S-IV-1 

0.35 

5.0 

170 

1.30 

45 

S-VIII 

0.173 

7.0 

60 

45 

89 

s-v' 

0.21 

5.1 

130 

110 

275 

s-v' 

0.125 

4.0 

70 

45 

2000 

These  specific  films  encompass  both  growth  and  stress  induced  uniaxial 
anisotropies. 

With  the  orthoferrites  the  anisotropy  field  is  much  greater 
than  the  in-plane  field  and  the  only  coupling  between  the  in-plane 
field  and  the  bubble  is  via  the  permalloy  structure  itself.  High 
mobility  garnets,  on  the  other  hand,  are  tailored  to  the  minimum 
permissible  Hfc.  The  magnetization  vector  will  be  rotated  through  an 
angle  6  =  arc  sin  H/H^  by  the  in -plane  field,  H,  and  a  rotation  of 
0.1  radian  can  therefore  be  expected  if,  for  example,  H  =  30  Oe  and 
Hjj.  =  300  Oe.  Such  a  rotation  decreases  both  the  wall  energy  and 
effective  magnetization  arid  is  the  mechanism  whereby  the  bubble  is 
directly  coupled  to  the  in-plane  field.  In  Fig.  l(a)  through  l(d) 
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(C)  (d) 


Fig.  1.  Bubble  collapse  and 
strip-out  fields  as  a 
function  of  in-plane  field 
intensity,  (a)  Garnet 
S-IV-1  ErEu,  M»-5  (b) 

S-VIII  ErGd,  1-1=89  (c)  3-v' 
YGdLaYb,  |i=275  (d)  S-V' 
YGdYb,  ul=2000. 


bubble  collapse  and  strip-out  fields  are 
plotted  as  a  function  of  H.  Note  that 
in  all  cases  the  bubble  strip  out  field 
increases  with  increasing  H,  often  at 
an  uncomfortable  rate.  The  bubble 
collapse  field  unexpectedly  decreases 
for  some  compositions,  probably  the 
result  of  more  significant  cubic  anisot¬ 
ropy  contributions  to  the  wall  energy. 

The  net  result,  in  any  case,  is  a  reduc¬ 
tion  in  the  bubble  stability  range. 

The  message  is  clear  enough — special 
care  must  be  exercised  in  the  design  of 
field  access  propagation  circuits  to 
ensure  that  l)  the  amplitude  of  the  in- 
plane  field  is  kept  at  a  minimum  and 
2)  that  the  in-plane  field  is  not  locally 
enhanced  to  cause  strip-out  to  permalloy 
features  not  in  the  primary  propagation 
path . 

Let  us  now  consider  some  circuit 
configurations  which  attempt  to  cope 
with  the  special  problems  of  these  high 
performance  garnets. 


3.0  CHEVRON  CIRCUITS 


BUBBLE 

STREAM 

INTERACTOR 


^  I  MINOR  PATH 


-2  MAJOR  PATH 
*3  MINOR  PATH 


The  chevron  circuit  evolved  from  considerations which  led  to  the  design 
of  an  Mall  purpose”  bubble  logic  circuit.  Logic  is  possible  because 
of  the  long  range  magnetostatic  interaction  that  exists  between 
bubbles.  To  obtain  high  speed  logic  capability,  it  was  reasoned  that 
this  interaction  should  persist  over  a  long  period  of  time,  i.e.,  a 
number  of  cycles  of  the  in -plane  field. 

An  idealized  bubble  stream  "Interactor ”  is  shown  in  Fig.  2.^ 
Bubbles  enter  ports  a,  b  and  c  and  exit 
ports  1,  2  and  3-  The  propagation  channel 
is  designed  such  that  individual  input 
bubbles  exit  port  2.  Bubbles  inserted  as 
pairs  interact  with  one  another  and  exit 
ports  1  and  3-  Bubbles  entered  simultane¬ 
ously  at  a,  b  and  c  leave  1.,  2  and  3* 

This  Inter actor  has  complete  logic  capa¬ 
bility.  .Fully  exploited  it  is  a  "full 
adder " . 

The  heart  of  the  Inter actor  is  the 
propagation  channel  in  which  bubbles  move 
in  "clouds"  rather  than  single  file.  The 
circuit  that  serves  as  the  propagation 
channel  we  have  termed  the  "chevron"  as 
it  consists  of  an  array  of  closely  Fig.  2.  Bubble  interaction 

spaced  A»s.  A  photograph  of  a  chevron  in  an  "Interactor"  chevron 

Interactor  circuit  is  included  in  Fig.  2.  circuit  allows  high  speed 

logic. 


IN 

OUT 

a,b,c 

2 

ab,  be 

13 

abc 

123 
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Its  operation  will  become  clear  after  the  basic  chevron  circuit  is 
discussed  in  detail. 


IN  PLANE 
FIELD 


t  /V%A, 

Pig.  3.  Step  by  step 
portrayal  of  bubble  propa¬ 
gation  on  chevron  circuit. 


Refer  to  Pig.  3-  The  pattern  of 
A's  operate  in  much  the  same  manner  as 
T-Bar  and  Y-Bar  circuits.  Clockwise 
rotation  of  an  in-plane  field  causes  a 
left  to  right  movement  of  bubbles  as 
they  respond  to  the  magnetic  poles  of 
the  permalloy  pattern.  This  pattern 
differs  from  the  above  mentioned  T-Bar 
and  Y-Bar  in  that  successive  lines  can 
be  very  closely  spaced  as  seen  in  Pig.  b. 

Circuits  with  as  many  as  150 
chevrons  in  a  column  have  been  tested. 

As  the  bias  field  is  decreased  through 
the  stability  range ,  first  bubbles  then 
vertical  strip  domains  are  propagated 
under  control  of  the  in-plane  field. 

This  densely  packed  chevron  pattern 
probably  represents  the  ultimate  in 
coupling  the  in-plane  field  to  the  task 
of  driving  magnetic  domains.  However, 
it  is  rather  wasteful  of  real  estate. 

Chevron  patterns  with  two  bars  on 
up  have  been  tested.  In  general  the 
greater  the  number  of  elements  per  bubble 
position  the  better  the  performance. 

Other  variables  include  the  ’’angle”  of 
the  chevron  and  both  the  horizontal  and 
vertical  spacings  of  chevrons.  Represen¬ 
tative  quasi static  and  speed  data  for 
Pig.  4.  Close  packed  chevron  2“Bar  and  1<-Bar  circuits  can  be  found  in 

elements  provide  propaga-  Pigs*  5-8. 

D Permalloy  patterns  were  etched  from 

3000A  thick  isotropic  permalloy  films 
deposited  on  glass  substrates.  Circuits 
were  then  bonded  to  epitaxial  garnet 
films.  Speed  data  were  taken  by  driving  , 
orthogonal  in-plane  coils  with  a  sequence 
of  current  pulses.  Margins  of  operation  were  determined  using 
periodic  visual  observation  of  the  domains  using  the  Faraday  effect. ^-5 
Figure  5  illustrates  the  quasi static  operating  margins  of  a 
2-Bar  chevron  circuit.  The  bubble  material  is  a  YGdYb  epitaxial 
garnet  similar  to  the  one  described  in  Table  II.  With  a  modest  in¬ 
plane  drive  the  range  of  operation  is  bound  by  bubble  collapse  or 
bubble  escape  at  high  bias  and  strip-out  at  low  bias.  The  sharp  cut 
off  at  8  Oe  in-plane  field  suggests  that  the  permalloy  is  not  being 
switched.  Such  a  quasistatic  range  represents  the  best  one  can  hope 
for.  In  Fig.  6,  500  kbit/sec  and  1.0  Mbit/sec  data  are  presented.  The 
bubble  material  is  a  YGdYb  epitaxial  garnet  (Table  II) .  Although  the 
operating  bubble  diameter  in  this  garnet  was  smaller  than  desired, 
reasonable  margins  at  1.0  Mbit/sec  were  obtained.  These  curves  can  be 


tion  in  horizontal  direction 
with  lateral  flexibility  for 
multiple  bubble  or  domain 
strip  propagation. 
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Fig.  5.  Quasistatic  operat¬ 
ing  range  of  S-V^  material 
used  with  a  2 -Bar  chevron 
circuit.  A  20  Oe  in -plane 
field  yields  a  bias  range 
of  ±7 io. 


Fig.  6.  Operating  ranges  at 
500  kbits/ sec ^and  1.0  Mbits/ 
sec  using  S-V*  materials 
with  a  2 -Bar  chevron 
circuit.  The  11  Oe  thresh¬ 
old  at  500  kbits/ sec  is 
,  only  several  oersteds 
higher  than  at  quasistatic 


compared  with  those  in  Fig.  7  where  a 
garnet  with  a  mobility  of  89  cm/sec/Oe 
is  operated  above  100  kbits/ sec. 

High  speed  data  shown  in  Fig.  8 
were  obtained  using  a  4-Bar  chevron 
circuit  with  a  275  cm/sec/Oe  mobility 
garnet.  The  operating  curves  indicate 
essentially  constant  margins  up  to  500 
kbits/sec.  Take  note  of  the  high  drive 
closure  of  the  100  kbits/ sec  range  curve . 
This  closure  reflects,  as  considered  in 
Section  2.0,  the  increased  tendency  of 
bubbles  in  low  uniaxial  anisotropy 
garnets  to  strip-out  with  higher  in¬ 
plane  fields.  — 

Let  us  now  return  to  some  general 
comments  about  the  chevron  circuit.  In 
a  circuit  with  densely  packed  elements, 
lateral  motion  of  bubbles  is  permissible. 
By  laterally  modulating  the  chevron  spac¬ 
ing  with  respect  to  the  direction  of 
propagation  (as  in  Fig.  2),  a  preferred 
bubble  path  can  be  designed  into  the 
structure.  Other  alternatives  are  to 
vary  l)  the  permalloy  strip  width  or  2) 
the  tilt  of  chevrons  to  "deflect”  bubbles 
toward  the  center  of  a  channel. 

Chevron  circuits  and  low  materials 
fit  "hand-in -glove” .  These  circuits  are 
operable  with  some  domain  strip-out  trans¬ 
verse  to  the  propagation  direction  and 
tend  to  inhibit  strip-out  parallel  to 
that  direction.  The  chevrons  form  an 
almost  all -permalloy  channel  with  no 
unused  permalloy  or  permalloy  poles. 

Finally,  because  of  a  redundancy 
of  drive  elements,  defects  in  garnets 
and  in  the  permalloy  pattern  can  be 
more  readily  tolerated.  In  one  specific 
example  it  was  noted  that  early  bubbles 
sent  down  a  4 -Bar  pattern  became  trap¬ 
ped  on  garnet  defects  either  adjacent 
to  or  within  the  propagation  track 
itself.  Later  bubbles  were  then  able 


Fig.  7-  Operating  ranges  at  100, 

200  and  300  kbits/sec  using  S-VIII 
material  and  a  2-Bar  chevron  circuit. 
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to  negotiate  the  track  without  error  by 
avoiding,  in  fact  "being  guided  by,  the 
trapped  bubbles. 

4.0  MASS  MEMORY  BUBBLE  OPERATIONS 

A  reasonable  direction  in  bubble 
device  development  is  toward  a  mass 
memory  or  bubble  file .  There  are 
several  approaches  which  may  be  pursued 
in  the  design  of  a  bubble  file --a  major- 
minor  loop  configuration,1^  a  single 
long  serial  register  or  a  combination 
of  both.  The  basic  functions  required 
to  implement  these  designs  are  data 
input,  transmission,  detection  and 
bubble  transfer . 

Bubble  transfer  primarily  pertains 
to  a  major -minor  loop  memory  configura¬ 
tion.  The  data  or  bubbles  are  trans- 
Fig.  8.  A  4-Bar  chevron  f erred  between  independent  propagation 

circuit  is  evaluated  using  circuits.  One  method  of  achieving 

S-V^  material.  The  operat-  transfer  is  via  gates  which  are  activat¬ 
ing  ranges  are  at  data  ed  by  reversing  the  direction  of  the 

rates  of  100  kbits/sec,  .  rotating  field.  The  method  discussed 
250  kbits/sec  and  500  kbits/  here  utilizes  conductors  for  transfer 
sec.  Range  closure  at  100  in  conjunction  with  the  chevron  propa¬ 
gate  element. 

Figure  9  illustrates  a  conductor 
loop  at  the  junction  of  a  minor  loop 
and  a  major  loop.  The  function  of  the 
conductor  loop  when  energized  is  to  momentarily  lower  the  bias  field 
in  order  to  both  trap  a  bubble  located  in  the  loop  as  well  as  tend 
to  expand  it.  Note  that  the  propagate  elements  associated  with  both 

propagate  circuits  within  the  conductor 
loop  are  positioned  such  that  a  vertical¬ 
ly  directed  in-plane  field  will  result 
in  complementary  poles  associated  with 
the  propagate  circuits.  Transfer  is 
accomplished,  therefore,  by  applying  a 
pulse  to  the  conductor  loop  and  trapping 
a  bubble  until  a  180°  field  reversal 
takes  place.  At  this  time  the  pulse 
is  terminated  and  the  bubble  shifts 
position.  Figure  10  is  a  photograph  of 
a  section  of  a  prototype  mass  memory 
circuit  arranged  in  a  major -minor  loop 
configuration.  A  transfer  conductor 
loop  is  positioned  at  the  junction  of 
the  major  loop  and  each  minor  loop. 

Using  the  circuit  shown  in  Fig.  10, 
the  transfer  operation  is  compared  with 


kbits/ sec  with  50  0e  in- 
plane  field  caused  by  low 
uniaxial  anisotropy  of.S-V' 


4 -BAR  CHEVRON 
MINOR  LOOP 


MAJOR 

LOOP 


Fig.  9.  A  4-Bar  chevron 
transfer  junction.  Con¬ 
ductor  loop  provides 
bubble  transfer  between 
minor  and  major  propaga¬ 
tion  loops. 
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Fig.  10.  Photograph  showing  conductor 
transfer  in  a  4 -Bar  chevron.  20  pm 
period  major -minor  loop  circuit. 
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Fig.  11.  Operating  range  of 
the  transfer  function  as 
compared  to  the  operation  of 
the  associated  propagating 
circuits  at  100  kbits/sec 
data  rate. 


the  propagate  turn  and 
straight  run  operations  at 
a  data  rate  of  100  kbits/ 
sec.  These  curves  are 
given  in  Fig.  11  and  indicate 
that  the  transfer  operation 
degrades  the  propagate  bias 
margin  approximately  50$. 

The  maximum  bias  limit  may 
be  increased  by  increasing 
the  transfer  current  above 
35  mA;  however,  at  lower 
bias  settings  the  bubbles 
being  transferred  expand 
into  the  transfer  loop  leads 
causing  failure . 

Another  element  of 
importance  is  that  concerned 
with  the  input  of  data . 

Figure  12  shows  a  combination  conductor - 
permalloy  generator  having  excellent 
operating  margins .  The  large  rectangle 
of  permalloy  serves  to  maintain  a  seed 
domain  even  under  relatively  high  bias 
and  low  drive  field  conditions .17 •  When 
a  new  bubble  is  desired  the  conductor 
is  pulsed  at  the  appropriate  time 
dividing  the  seed  domain  in  half.  The 
trailing  domain  or  bubble  is  transferred 
to  the  propagate  structure. 

Consider  a  seed  domain  propagating 
around  the  permalloy  rectangle  in 
response  to  an  in -plane  field.  When 
the  field  direction  is  such  as  to  cause 
the  domain  to  span  the  conductor  loop 
the  conductor  is  pulsed.  The  current 
pulse  consists  of  a 
relatively  large 
(^500  mA)  short  dura¬ 
tion  (~50  nsec)  divid¬ 
ing  component  and  a 
lower  current  (~80  mA) 
transfer  component 
with  a  duration  equal 
to  90°  of  field  rota¬ 
tion.  The  polarity  of 
the  current  is  such  as 
to  raise  the  bias  with¬ 
in  the  conductor  loop. 
Following  application 
of  the  dividing  current 
pulse  there  is  a  bubble 


Fig.  12.  Operating 
range  of  conductor - 
permalloy  genera¬ 
tor  at  25  kbits/ 
sec.  T-Bar  propa¬ 
gation  range  also 
shown  for  compari¬ 
son.  The  lowest 
curve  represents 
the  lower  limit 
for  both  propaga¬ 
tion  and  genera¬ 
tion.  The  bubble 
material  (S-VIIl) 
is  similar  to  that 
in  Table  II. 
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on  the  permalloy  rectangle  on  each  outer  leg  of  the  conductor  loop. 
The  transfer  pulse  prevents  the  trailing  "bubble  from  moving  along 
the  permalloy  rectangle  so  when  the  field  rotates  to  magnetize  the 
first  propagate  element,  the  bubble  moves  to  that  element  and  genera¬ 
tion  is  complete. 

A  comparison  of  the  range  of  generation  and  T-Bar  propagation 
for  a  particular  material  and  data  rate  of  25  kbits/sec  is  shown  in 
Fig.  12.  It  is  typical  for  this  type  of  generator  to  have  a  larger 
operating  range  than  the  accompanying  propagate  structure. 

5.0  DOMAIN  STRETCHING  APPLIED  TO  TURNS  AND  DETECTORS 


y 


One  of  the  problems  encountered  in  high  density,  high  speed 
bubble  circuits  is  that  of  detection.  It  is  reasonable  to  assume 
that  the  power  from  a  detector  scales  with  the  volume  of  the  domain 
being  sensed.  Improved  detection  should  arise,  then,  if  detectors 
are  located  where  some  degree  of  domain  stretching  takes  place. 

High  speed  testing  has  shown  that  a  3-Bar  bubble  stretcher 
section,  introduced  into  an  otherwise  conventional  Y-Bar  circuit,  does 
not  in  any  way  alter  the  performance.  Refer  to  Fig.  13  where  a 

magnetoresistance  detector  design 
compatible  with  a  bubble  stretcher 
section  is  illustrated,  w.  Strauss, 

P.  W.  Shumate,  Jr.  andF.  J.  Ciak7 report 
at  this  conference  on  quasistatic  and 
100  kHz  detection  of  nominally  6  Mm 
diameter  bubbles  using  this  circuit. 

A  bridge  circuit  detector^  consist¬ 
ing  of  an  active  and  a  dummy  element 
(detector  design  as  per  Fig.  13)  and 
a  pair  of  IK  resistors  has  provided 
a  differential  output  signal  of  2.5  mV 
when  pulsed  with  a  13  mA  current  pulse 
of  2  Msec  duration.  (See  Fig.  Ik) 
Pulsing  to  achieve  selective  activation 


Fig.  13.  A  ” Chinese  letter” 
magnetoresistance  permalloy 
detector  located  on  a  3-Bar 
bubble  stretcher.  Combina¬ 
tion  has  been  inserted  into 
a  20  pm  period  Y-Bar  shift 
register. 


DETECTOR  ACTIVATE 
CURRENT  PULSE 


Fig.  l4.  Detector  bridge  incorporating  the  detector  design  of  Fig.  13. 
Activating  the  bridge  with  a  13  mA,  2  |isec  pulse  generates  a  2.5  mV 
output  signal  if  a  bubble  is  in  transit  by  the  active  detector. 
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of  magnetore si stance  detectors  provides  the  systems  designer  with  yet 
another  degree  of  freedom. 


The  bubble  stretcher  concept  can 
also  be  applied  to  turns .  The  spoked 
turn  shown  in  the  insert  of  Fig.  15 
stretches  a  bubble  as  it  enters  the 
turn  and  contracts  the  bubble  as  it 
leaves.  Bubbles  negotiate  the  spoked 
turn  with  only  l80°  rotation  of  the  in¬ 
plane  field.  Operating  margins  at  100 
kbits/ sec  for  the  spoked  turn  and  the 
’’umbrella”  propagation  circuit  are 
shown  in  the  accompanying  curves. 

The  umbrella  circuit  combines  the 
best  features  of  T-Bar  and  Y-Bar 
circuits  to  obtain  a  more  uniform 
bubble  velocity.  Another  feature  which 
has  been  included  in  the  element  is 
dumbbell  shaped  bars.  Dumbbells  lower 
the  demagnetizing  field  and  concentrate 
flux  entering  and  leaving  the  elements.  Their  disadvantage  is  that 
the  ball -like  ends  act  as  magnetostatic  traps  for  bubbles  resulting 
in  unusually  high  in -plane  drive  thresholds. 


Fig.  15.  Operating  ranges 
at  100  kb its/ sec  of  both 
a  straight  run  of  umbrella 
shaped  propagate  elements 
and  a  spoked  turn. 


6.0  CONCLUSIONS 


’’Field  access”  circuit  performance  has  been  substantially 
improved  by  the  introduction  of  high  performance  epitaxial  garnets 
and  chevron  circuits.  The  original  design  objectives  of  a  Mbit/sec 
data  rate  at  10^  bits/in^  storage  density  have  been  met  by  a  20  pm 
period  2-Bar  chevron  circuit  combined  with  a  2000  cm/sec/Oe  mobility 
epitaxial  garnet.  The  garnets ,  using  as  a  performance  factor  the 
ratio  mobility/bubble  diameter,  allow  a  reasonable  prediction  that 
data  rates  of  10-100  Mbits/sec  will  be  achieved  with  bubble  garnet 
circuits . 

Work  has  continued  on  the  functions  needed  in  a  bubble  mass 
memory.  Controlled  generation,  propagation,  transfer  and  detection 
have  been  demonstrated  at  high  data  rates.  Selective  energization 
of  magnetoresistance  detectors  could  provide  an  economical  method  to 
access,  in  a  few  microseconds,  blbcks  of  data  using  an  organization 
analogous  to  the  head  per  track  mechanical  disk  file. 
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Single-Conductor  Magnetic-Bubble  Propagation  Circuits 

J.  A.  Copeland,  J.  P.  Elward,  W.  A.  Johnson,  and  J.  G.  Ruch 
Bell  Telephone  Laboratories ,  Incorporated ,  Murray  Hill ,  New  Jersey  07974 


Propagation  circuits  for  circular  magnetic  domains  using  only  a  single  electric  current  conductor 
are  described.  A  circuit  which  in  addition  uses  Permalloy  dots  for  domain  stability  and  for  deter¬ 
mining  the  direction  of  propagation  has  been  operated  at  475  kHz  with  a  100-mA  amplitude  current. 


The  use  of  electrical  currents  flowing  through  con¬ 
ductors  adjacent  to  the  surface  of  a  ferrite  wafer  to 
propagate  circular  magnetic  domains  has  previously 
been  described.1  The  purpose  of  this  paper  is  to  discuss 
the  design  of  propagation  circuits  which  use  only  a 
single  current  conductor  and  which  can  be  driven  by  a 
single  current  source. 

The  force  on  a  circular  domain  as  a  function  of 
position  along  a  path  in  the  X  direction  which  is  criss¬ 
crossed  by  a  current  path  flowing  in  the  X-Y  plane  is 
shown  in  Fig.  1.  In  the  case  shown  where  the  period 
of  the  conductor  pattern  X  is  about  twice  the  domain 
diameter,  the  force  converted  to  an  effective  driving  field 
Hf  may  be  approximated  by  HF=02(I/h)  sin(27nr/X) 
where  I  is  the  current,  h  is  the  thickness  of  the  wafer, 
and  #  is  the  coordinate  of  the  center  of  the  circular 
domain.  Making  the  period  X  shorter  or  longer  with 
respect  to  the  domain  diameter  decreases  the  Fourier 
coefficient. 

The  driving  field  HF  is  defined  as  the  actual  force, 
in  Newtons,  divided  by  the  product  of  the  wall  area 
and  the  magnetization.2  This  normalization  constant  is 
shown  in  Ref.  2  to  allow  the  familiar  approximate 
equation  for  the  velocity  of  straight  domain  wall  versus 
field  to  be  used  for  circular  domains  |  v  |  =  G(|  HF\  —  H0) 
when  |  Hf\>H0,  where  v  is  the  domain  velocity,  G  is 
straight  wall  mobility  which  now  is  also  the  domain 
mobility,  and  H0  is  a  sample-dependent  value  of  field 
(usually  appreciably  higher  than  the  field  Hz  where  the 
velocity  actually  goes  to  zero) .  The  YFe03  ortho¬ 
ferrite3  used  by  the  authors  had  a  value  for  H0  of  60 
A/m(0.75  Oe)  and  a  mobility  G  of  0.6  m2/A  sec  (4400 
cm/Oesec). 

If  the  driving  field  HF(x )  were  larger  than  the 
coercive  force  Hz  a  domain  between  points  A  and  B 
(or  B  and  C)  in  Fig.  1  would  move  toward  point  A 
(or  C)  until  the  absolute  value  of  HF{x)  decreased 
to  Hz.  If  the  current  was  reversed  so  that  the  sign  of 
Hf(x)  reversed,  the  domain  would  move  back  in  the 
opposite  direction  towards  A  but  would  never  quite 
reach  it.  It  is  evident  that  alternating  the  current  in 
a  single  conductor  such  as  in  Fig.  1  would  only  cause 
a  domain  to  oscillate  between  two  points  X/2  apart. 


To  make  the  domain  propagate  along  the  path,  ad¬ 
ditional  means  are  needed  to  offset  the  domain  in  a 
single  direction  (i.e.,  propagate  it  past  dead  points 
such  as  A,  B,  and  C)  when  the  current  is  zero. 

One  means  of  creating  the  desired  offset  is  to  destroy 
the  symmetry  of  the  conductor  by  bending  it  into  a 
“chevron”  shape  such  as  shown  in  Fig.  2  and  using  a 
current  which  is  large  enough  to  slightly  distort  the 


^CURRENT,  I 

Jt  x. 


M  ♦  +  !  ♦  ♦ 


FERRITE 


Fig.  1.  Diagram  of  a  single-conductor  current  pattern  with 
respect  to  a  ferrite  wafer  and  circular  domain.  The  lower  curve 
shows  the  transverse  force  on  the  domain  versus  position. 


domain  toward  a  crescent  shape.  When  the  domain 
recovers  its  natural  circular  shape  as  the  current  goes 
to  zero,  the  indented  portion  moves  into  the  peak  of 
the  appropriate  adjacent  current  loop  [Fig.  2(b)] 
which  causes  the  entire  domain  to  move  in  that  direc¬ 
tion  when  the  current  reverses.  With  YFe03  and  150- 
fi- diameter  domains,  a  propagation  frequency  of  8  kHz 
was  observed  with  a  current  of  100  mA. 

The  chevron  circuit  has  the  advantage  that  it  is 


Reprinted  with  permission  from  Journal  of  Applied  Physics,  vol.  42,  no.  4,  pp.  1266-1267,  Mar.  1971. 
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very  simple  to  fabricate,  since  only  a  single  conductor 
layer  need  be  patterned  by  photolithography  and  no 
registration  other  than  with  domain  detection  devices 
is  involved.  The  disadvantages  are  that  there  is  no 
stabilizing  force  on  the  domains  when  no  current  is 
flowing  and  that  the  maximum  operating  frequency  is 
relatively  low  because  of  the  small  offsetting  force. 
If  permanent  stabilizing  elements  such  as  permalloy 
dots  or  etched  depressions  in  the  wafer  are  to  be  added, 
then  it  is  advantageous  to  use  these  to  create  a  larger 
offsetting  force  as  well. 

Since  there  are  two  “dead  spots”  per  period  of 
conductor  pattern,  the  period  of  the  static  offsetting 
force  will  be  half  as  long  as  the  period  of  the  conductor 
pattern  X.  If  the  current  /  is  a  sine  wave,  1=  Iq  sin(2wft)  , 
and  if  the  static  force  can  be  represented  by  a  cosine 
function  Hs  cos(47rx/X+<p),  the  total  force 
as  a  function  of  distance  x  and  time  t  can  be  written 

ffr=0.2(/o/A)[sin(2^/X)  sin(2ir/0] 

-\-Hs  cos(47r#/\+<p) .  (1) 

Even  with  the  simplifications  of  the  above  equation 
and  assuming  H^—0  so  that  v=GHt,  a  general  ana¬ 
lytical  solution  for  the  average  velocity  of  the  domain 
as  a  function  of  /0,  /,  X,  Hs ,  and  <p  has  not  been  found. 
A  specific  solution  for  constant  domain  velocity 
(v=f\)  is  known  which  gives 

^max  =  G(0.1/oA),  (2) 

if  Hs= 0.1  (Io/h)  and  <p= 0.  A  variational  argument 
i  =  +i0  i>o  ■  i  =  -i0 


Fig.  2.  The  chevron  pattern  which  causes  linear  propagation 
by  distorting  the  domain  (a)  so  that  when  the  current  is  zero 
(b)  the  domain  extends  more  into  one  of  the  two  adjacent  loops. 


Fig.  3.  Permalloy  dots  can  be  used  to  offset  the  domain  into 
only  one  adjacent  loop  when  the  current  is  zero. 


can  be  used  to  show  that  these  conditions  also  give 
the  maximum  average  velocity. 

A  computer  program  which  simulates  the  motion  of 
a  domain  using  Eq.  (1)  and  v=G(HT—H0)  has  been 
used  to  find  the  maximum  average  domain  velocity  as 
a  function  of  Hs  and  <p.  The  results  with  respect  to  the 
ratio  of  the  static  force  to  the  alternating  force 
[Hs/ (0.2  /o /h)2  show  that  a  velocity  higher  than  70% 
of  the  maximum  given  by  Eqs.  (2)  can  be  obtained 
if  this  ratio  is  between  0.1  and  0.7.  The  domains  will 
not  propagate  if  this  ratio  is  greater  than  1.0. 

A  Permalloy  and  conductor  pattern  which  provides 
an  offset  force  and  also  allows  the  domain  to  carry 
binary  information  by  being  in  one  of  two  stable 
lateral  positions2  is  shown  in  Fig.  3.  This  type  of  circuit 
has  been  used  with  the  YFe03  orthoferrite  already 
described  to  propagate  domains  at  a  frequency  of  475 
kHz  with  a  current  of  100  mA.  The  Permalloy  dots 
were  470-nm  thick,  60  /z  in  diameter,  and  spaced 
about  2  n  from  the  YFe03  wafer.  This  result  corresponds 
to  a  velocity  almost  twice  that  predicted  by  (2)  and 
is  due  to  the  enhancement  of  the  field  from  the  con¬ 
ductor  due  to  partial  flux  closure  by  the  Permalloy 
dots  which  partially  overlap  the  conductor  and  are 
on  the  opposite  side  from  the  wafer.  Results  in  agree¬ 
ment  with  (2)  were  obtained  with  thinner  (200  nm) 
Permalloy. 

1  A.  H.  Bobeck,  R.  F.  Fischer,  A.  J.  Perneski,  J.  P.  Remeika, 
and  L.  G.  Van  Uitert,  IEEE  Trans.  Magnetics  5,  544  (1969). 

2  R.  M.  Goldstein  and  J.  A.  Copeland  J.  Appl.  Phys.  (to  be 
published).  To  gain  some  physical  insight  for  the  driving  field 
HFj  consider  the  case  of  a  domain  in  a  uniform  field  gradient 
dH/dx.  The  driving  force  in  this  case  is  the  change  in  field  from 
the  center  to  the  edge  of  the  domain,  HF=  R  dH/dx. 

3  S.  L.  Blank,  L.  K.  Shick,  and  J.  W.  Nielsen,  J.  Appl.  Phys. 
42,  1556  (1971)  (this  issue). 
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Evolution  of  Bubble  Circuits  Processed  by 

a  Single  Mask  Level 

ANDREW  H.  BOBECK,  IRYNEJ  DANYLCHUK,  FREDERICK  C.  ROSSOL,  AND  WALTER  STRAUSS 


Abstract— The  design  and  operation  of  bubble  circuits  for 
mass  memory  applications  processed  through  but  a  single  mask 
level  are  presented.  Control  “conductors”  are  integrated  within 
the  propagate  structure  to  effect  generation,  annihilation,  trans¬ 
fer  and  replication.  Several  chevron  expander  detector  designs 
are  discussed  including  a  curved  guard  rail  detector  as  well  as  a 
nucleate  generator  in  which  the  field  threshold  for  domain  nu- 
cleation  is  permanently  lowered  by  a  laser  anneal.  A  memory 
organization  featuring  the  replicate  function  is  described. 

I.  INTRODUCTION 

Circuits  for  bubble  mass  memory  applications  contain  the 
functions  of  bubble  propagation,  generation,  transfer  or  gating, 
replication  and  detection.  Typically,  such  circuits  are  processed 
through  three  mask  levels  to  generate  4000  A  Permalloy  fea¬ 
tures  for  propagation,  4000  A  conductor  lines  for  control  and 
300  A  Permalloy  disks  or  rectangles  for  detection.  There  is,  of 
course,  considerable  incentive  to  reduce  that  processing  com¬ 
plexity  to  lower  the  cost. 

It  can  be  expected  that  circuit  yield  will  increase  if  the 
number  of  processing  levels  is  reduced.  The  chevron  ^  expander 

Manuscript  received  March  21,  1973;  revised  May  15,  1973.  Paper 
26.1,  presented  at  the  1973  INTERMAG  Conference,  Washington,  D.C., 
April  24-27. 

The  authors  are  with  the  Bell  Laboratories,  Murray  Hill,  N.J.  07974. 


detector  introduced  by  Archer^  included  a  thin  Permalloy  mag¬ 
netoresistance  sensing  strip  and  therefore  required  three  process 
levels  to  fabricate. ^  Bobeck  and  Strauss,^  on  the  other  hand, 
modified  the  expander  structure  by  interconnecting  chevrons 
to  fashion  both  the  detector  and  propagate  circuits  from  a 
single  Permalloy  level,  which  thereby  enabled  circuits  to  be 
made  with  two  mask  levels  as  illustrated  in  Fig.  1.  An  example 
of  such  a  two  mask  level  circuit  is  the  20K  bit  mass  memory 
chip  described  by  Bonyhard  et  al.^  There  are  further  benefits 
if  the  number  of  mask  levels  is  reduced  to  one.  Foremost  is  the 
complete  elimination  of  mask  registration  tolerances. 

Just  what  are  the  considerations  in  including  the  necessary 
control  “conductors”  within  the  propagate  structure  to  effect 
generation,  annihilation,  etc?  Permalloy,  as  a  conductor,  has  a 
resistivity  of  20  jU^2*cm;  i.e.,  approximately  a  factor  of  ten 
more  than  either  gold  or  copper.  Thus  a  0.4  flm  Permalloy 
film  has  a  resistance  of  0.5  £2  per  square.  To  minimize  the  re¬ 
sistance  of  Permalloy  conductors  the  paths  should  be  as  short 
and  as  wide  as  possible.  The  constraint  is  that  added  Permalloy 
features  must  not  significantly  alter  the  propagation  margins. 
It  is  a  property  of  the  chevron  propagate  element  that  it  can 
tolerate  added  Permalloy  features,  as  in,  for  example,  the  ex¬ 
pander  detector.  Therefore  all  of  the  control  circuits  described 
in  this  paper  use  chevrons. 

Power  dissipation  is,  of  course,  a  very  important  considera¬ 
tion.  For  a  0.1  A  current  pulse  the  peak  power  dissipated  per 
square  is  5  mW  or  125  mW  for  a  conductor  25  squares  in 
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Fig.  1.  Two-mask-level  bubble  chip. 


length.  Duty  cycles  must  be  considered  when  calculating  the 
average  power.  A  conductor  length  of  25  squares  is  typical  of 
circuits  to  be  described  in  the  following  sections. 

The  resistance  per  square  is  significantly  reduced  when  a 
nonmagnetic  high  conductivity  film  is  combined  with  the 
Permalloy  layer.  This  sandwich  structure  is  also  processed  with 
a  single  mask;  however,  any  added  conductor  layer  must  not 
shunt  the  detector.  The  conductor  layer  can  be  kept  from  the 
detector  area  by  a  shadow  mask  during  deposition  of  that 
layer. 

A  family  of  generators,  detectors,  replicators  and  annihila- 
tors  is  described  in  the  following  sections.  We  will  introduce 
both  the  chevron  guard-rail  detector  and  data  stream  replicator 
and  present  some  background  as  to  how  these  evolved.  In¬ 
cluded  are  results  of  experimentation  with  selective  laser  an¬ 
nealing  to  reduce  the  currents  necessary  for  nucleate  generation. 

II.  DETECTION 

Permalloy  detectors  designed  to  sense  the  radial  bubble 
field  have  been  reported  by  Strauss^  (four-terminal)  and 
Almasi^  (two-terminal).  These  detectors  were  fabricated  from 
very  thin  Permalloy  (~300  A)  to  1)  ensure  that  the  detector 
Permalloy  did  not  interfere  with  bubble-domain  propagation, 
2)  enable  the  radial  bubble  field  to  overcome  the  detector  de¬ 
magnetizing  field  and  3)  increase  the  detector  resistance  to  im¬ 
prove  the  output  signal. 

Whereas  detector  efficiency  is  related  to  the  normalized 
magnetoresistance  coefficient  A p/p0 ,  the  output  signal  is  por- 
portional  to  jApl  with  j  current  density  and  l  detector  length. 
If  j  is  limited  by  ion  migration  considerations  rather  than  in¬ 
terference  with  bubble-domain  propagation  or  ohmic  heating, 
the  signal  from  an  ideal  detector  varies  linearly  with  detector 
length  and  does  not  depend  upon  thickness.  To  increase  output 
signals,  then,  it  has  been  necessary  to  employ  bubble  stretching 
techniques.  Thus,  in  contrast  to  the  detector  of  Fig.  2a  designed 
for  cylindrical  bubbles,  the  thin  Permalloy  “Chinese  letter”  de¬ 
tector  of  Fig.  2b  was  designed  to  sense  strip  domains  stretched 
along  the  base  of  a  triple  bar  configuration.^  Since  the  strip 
domain  must  increase  velocity  as  it  passes  the  detector  element, 
there  is  loss  of  operation  at  the  highest  data  rates. 

TMs  limitation  can  be  overcome  by  stretching  the  bubble 
domain,  perpendicular  to  the  direction  of  propagation.  The 
chevron  expander  detector  operates  in  just  this  manner..  Archer 


A  B  C  D 

Fig.  3.  Type  A,  B,  C  and  D  propagation-detection  structures. 

TABLE  I 

Some  Characteristics  of  Chevron  Propagation-Detection  Structures 


Type  A 

Type  B 

Type  C 

Type  D 

Number  of  chevrons 

51 

314 

334 

500 

Permalloy  thickness  (pm) 

0.3 

0.4 

0.4 

0.4 

Resistance  (kn) 

0.060 

0.35 

1.3 

1.9 

Period  (pm) 

20 

2.8.8 

25 

2  8.8 

Detector  window  @5  mA  (mV) 

0.5 

3.0 

40 

6.0 

Sensitivity  (mV/mA) 

0.10 

0.6 

8.0 

1.2 

Rotating  field  (Oe) 

40 

25 

23 

35 

et  al.^  incorporated  a  thin  Permalloy  strip  detector  as  in  Fig.  2c 
and,  since  transverse  stretching  allows  the  domain  to  be  length¬ 
ened  by  increments  the  detector  signal  can  be  significantly  in¬ 
creased  with  little  loss  in  the  frequency  of  operation. 

To  simplify  bubble  device  processing  we  form  the  detector 
from  the  very  Permalloy  film  used  for  propagation  by  simply 
interconnecting  chevrons  as  illustrated  in  Fig.  2d. Subse¬ 
quent  work  indicated  that  the  chevrons  of  the  propagation- 
detection  structure  need  not  be  linked  at  their  vertexes,  and 
Fig.  3  shows  four  structures  we  have  tested.  The  fourth 
structure,  type  D,  is  similar  to  type  C  except  that  successive 
chevrons  have  a  small,  constant  space-phase  difference  to  form 
a  semicircle  rather  than  a  straight  column.  Design  differences 
as  well  as  operating  characteristics  are  shown  in  Table  I.  Since 
detector  voltage  depends  on  many  factors,  for  example,  garnet 
type,  bias,  and  rotating  field  amplitude,  the  detection  windows 
listed  in  Table  I  are  presented  as  typical  of  the  results  observed. 
The  sensitivity  is  the  detector  window,  the  voltage  difference 
between  the  ONE  and  ZERO  states,  divided  by  the  detector 
current. 
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Fig.  4.  Performance  chart  for  a  C-type  propagation-detection  structure 
operated  with  a  10.4  /uni  thick  film  of  Sm0<4  Y2  6  Gat  >2  Fe3g  012 . 
The  circled  numbers  are  the  detection  windows  in  mV  at  their  re¬ 
spective  locations.  Within  the  shaded  region  operation  may  be  either 
in  the  n  =?=  1  or  n  =  2  dominant  mode.  Noise  is  excessive  and  the 
region  must  be  excluded. 


I 


Fig.  5.  Largest  detection  window  observed  to  date.  To  obtain  this  re¬ 
sult  the  rotating  field  for  a  C-type  structure  must  be  set  just  below 
the  excluded  region.  The  frequency  was  100  kHz  and  the  detector 
current  was  6  mA. 


Fig.  6.  (a)  Detection  signals  for  a  semicircular  structure.  The  operating 

conditions  were  5.0  mA  detector  current,  35  Oe  rotating  field, 
107  Oe  bias  field  and  25  kHz  frequency,  (b)  Design  of  detector 
interruptions  for  the  semicircular  D-type  structure.  Two  of  these 
limits  strip  expansion  to  the  central  90°  of  the  semicircle. 
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Fig.  7.  Sketch  of  an  all  Permalloy-guard  rail  detector  circuit  and 

guard  rail. 


TABLE  II 

Material  Parameters  of  Garnet  Film 


Nomi nal 
Composition 

(a) 

Sm0.4Y2.6Gal. 2Fe3 .3°12 

(b) 

Y2. 75SmO. 25Gal . lFe3 . 9°12 

4nM 

199  gauss 

173  gauss 

^collapse 

124  0e 

73  Oe 

Demagnetized  Strip  Width 

7.2  pm 

5.3  pm 

Film  Thickness 

9.6  pm 

4.3  pm 

Initial  Mobility 

250  cm/sec-Oe 

300  cm/sec-Oe 

Material  Length 

0 . 63  pm 

O.64  pm 

Figure  4  shows  detector  windows  of  a  type  C  structure  op¬ 
erated  with  a  10.4-/im  thick  film  of  Sm0.4 Y2.6Gai.2 Fe3.sOi2 
(see  Table  II).  The  large  detector  windows  at  approximately 
22  Oe  rotating  field  from  a  new  mode  of  operation  for  which 
the  response  of  the  detector  to  the  rotating  field  is  predomi¬ 
nantly  at  the  drive  frequency  (n  =  1).  When  a  domain  enters 
the  propagation-detection  structure,  the  response  changes,  caus¬ 
ing  the  n  =  2  Fourier  component  to  dominate.  This  behavior 
is  illustrated  in  Fig.  5,  which  shows  oscilloscope  traces  for  the 
domain  and  no-domain  states.  The  window  exceeds  40  mV  — 
the  largest  observed  to  date. 

As  indicated  earlier,  the  chevrons  of  the  D-type  structure 
form  a  semicircle.  No  output  signal  arises  from  the  rotating 
field  alone;  i.e.,  the  detector  resistance  is  essentially  independ¬ 
ent  of  field  direction.  Figure  6a  shows  detector  signals  from  a 


curved  detector  operated  with  a  9.6  {Jim  thick  film  of 
Smo.4Y2.6Gaj.2Fe3.gO12.  Interruptions  are  introduced  in  the 
chevron  pattern  (see  Fig.  6b),  limiting  strip  domains  to  interact 
with  just  90°  of  the  semicircular  structure.  If  strip  domains 
were  allowed  to  expand  through  the  full  180°  of  the  detector, 
then  the  bubble  signals  would  also  be  cancelled. 

Located  to  the  right  and  bottom  of  Fig.  7  is  a  portion  of  a 
specially  designed  propagation  circuit,  the  chevron  guard  rail, 
that  rings  the  active  circuit  area  and  functions  to  1)  remove 
bubbles  from  that  area  and  2)  prevent  bubbles  generated  from 
an  edge  defect,  for  example,  from  entering  the  active  circuit 
area.  Such  an  “osmotic”  guard  ring  has  been  found  necessary 
for  high  speed  operation  of  all  presently  available  circuits.  To 
provide  with  efficiency  the  large  number  of  chevrons  needed 
in  the  expander  detector  they  are  made  part  of  the  guard  rail. 
During  operation  a  strip  domain  propagates  downward,  is 
sensed,  and  finally  is  ejected  from  the  guard  rail. 

In  a  one  level  circuit  the  detector  is,  of  necessity,  con¬ 
nected  to  the  bonding  pads  by  Permalloy.  In  Fig.  7  we  illus¬ 
trate  how  this  interconnection  is  passed  through  the  guard  rail 
to  magnetically  decouple  the  large  Permalloy  mass  associated 
with  the  pad  area  from  the  detector.  After  detection  the  strip 
domains  exit  the  guard  rail  and  are  discarded.  To  achieve  NDRO 
operation  a  replicate  port  which  replicates  the  data  stream  into 
a  propagation  channel  leading  to  the  detector  must  be  provided. 
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Fig.  8.  Basic  replicator  circuit,  consisting  of  two  adjacent  propagate 
channels  and  a  conductor  loop. 
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TABLE  OF  PULSE  CONDITIONS 
AT  100  KHZ  BIT  RATE 


CURRENT 

PULSE 

T 

DURATION 

(/LtSec) 

9 

POSITION 

DEGREES 

tA 

psec 
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Fig.  9.  Current-pulse  program  used  in  replicate  and  clear  functions  for 
100  kHz  bit  rate. 


III.  REPLICATE-ANNIHILATE  FUNCTIONS 

Replication  of  magnetic  bubble  data  streams  is  an  important 
function  with  many  applications  in  bubble  mass  memory  and 
logic  designs.  Figure  8  shows  a  replicator-annihilator  circuit 
which  consists  of  adjacent  chevron  propagate  channels  (first 
level)  and  a  gold  conductor  loop  (second  level).  Introduction  of 
a  half-period  shift  in  channel  position  places  like  magnetic 
poles  into  alignment.  When  a  bubble,  propagating  along  either 
channel,  arrives  at  the  center  of  the  conductor  loop,  a  current 
pulse  is  applied.  The  field  produced  by  this  current  pulse,  op¬ 
posite  in  polarity  to  the  bias  field,  stretches  the  bubble  across 
elements  of  both  channels.  The  stretch  pulse  (typically  100  mA 
and  2  fJls  in  duration  for  100  kHz  operation),  when  terminated, 
allows  the  strip  ends  (they  travel  much  like  bubbles  but  in 
opposite  directions)  to  react  to  the  poles  of  the  chevrons  and 
move  outside  the  conductor  loop.  A  second  current  pulse 
(0.25  /is  and  125  mA)  of  opposite  polarity  divides  the  now 
diagonally  aligned  strip.  The  pulse  program  used  in  the  repli¬ 
cation  operation  and  the  timing  of  the  pulses  in  relation  to  the 
in-plane  field  are  shown  in  Fig.  9. 


Fig.  10.  A  z  component  of  magnetic  field  averaged  over  the  bubble 
height  due  to  current  in  conductor  loop  of  Fig.  8. 


The  function  of  bubble  annihilation  in  situ  is  also  accom¬ 
plished  using  the  same  circuit  and  essentially  the  same  pulse 
program  except  for  a  repositioning  of  the  cut  pulse.  The  cut 
pulse  must  follow  the  stretch  pulse  no  later  than  0.5  jus  for  a 
100  kHz  bit  rate  to  annihilate  the  strip  domain  before  it  has  a 
chance  to  escape  the  conductor  loop.  In  this  way  both  the 
replicate  and  the  annihilate  functions  can  be  accomplished 
with  the  same  elements,  the  same  conductor  configuration  and 
the  same  current  pulse  program  save  the  timing  of  the  cutting 
pulse. 

The  average  field  in  the  conductor  loop  of  geometry  and 
dimensions  given  in  Fig.  8  is  shown  in  Fig.  10.  For  example,  a 
current  pulse  of  0.10  A  produces  a  bias  field  change  of  32  Oe 
directly  beneath  the  center  of  the  conductor  loop.  The  range 
of  bubble  stability  is  typically  20  Oe  for  garnet  materials. 
Under  worst  case  bias  conditions,  i.e.,  bubble  biased  near 
collapse,  the  minimum  overdrive  on  a  bubble  during  the  strip- 
out  process  is  32  -  20  =  12  Oe.  The  wall  velocity  required  to 
traverse  the  30  jum  center-to-center  spacing  of  the  chevron 
channels  in  2  jus  is  1500  cm/s.  For  a  mobility  of  200  cm/s-Oe 
the  minimum  overdrive  field  is  1500/200  =  7.5  Oe.  Thus  a 
0.10  A  current  pulse  of  2  jus  duration  is  more  than  sufficient  to 
cause  full  strip-out  of  the  bubble  between  the  channels.  The 
operating  margins  at  a  100  kHz  data  rate  are  given  in  Fig.  11. 
The  replicate-annihilate  margins  closely  approximate  those  of 
propagation  and  are  independent  of  which  channel  contains  the 
input  data  stream. 

The  two-level  replicate-annihilate  circuit  can  be  readily  re¬ 
designed  into  the  single-level  circuit  shown  in  Fig.  12.  The 
geometry  of  this  circuit  is  similar  to  the  one  shown  in  Fig.  8 
except  that  two  straight  Permalloy  sections  have  replaced  the 
conductor  loop.  These  straight  sections  are  kept  narrow  to 
minimize  interference  with  normal  propagation  of  bubbles.  The 
guard  rail  is  positioned  close  to  this  circuit  to  lower  the  re¬ 
sistance  of  the  current  feed  lines.  Once  in  the  guard  rail,  these 
conductors  are  widened  to  reduce  resistance  and,  therefore, 
power  dissipation.  Figure  13  shows  the  operating  margins  for, 
the  replicate  and  annihilate  functions  for  a  single-mask-level 
circuit  made  of  a  Permalloy-aluminum  sandwich.  The  reduced 
margin  for  this  circuit  in  contrast  to  the  two-level  circuit  is  due 
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DRIVE  FIELD  (Oe) 

Fig.  11.  Bias  field  margins  of  a  replicate-annihilate  circuit  (two  level 
type)  and  of  the  related  propagate  track  as  a  function  of  rotating 
field  strength.  The  circuit  is  shown  in  Fig.  8  and  material  parameters 
of  garnet  films  are  described  in  Table  II. 
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Fig.  12.  All  Permalloy  single  level  replicate  circuit  and  associated 
guard  rail. 


to  a  trapping  of  strip  domains  within  the  confines  of  the  loop. 
This  failure  mode  has  been  studied,  and  modified  circuits  will 
soon  undergo  evaluation. 

IV.  GENERATORS 

A  continuous  bubble-stream  disk  generator  of  the  type 
described  by  Perneski^  would  be  a  most  satisfactory  generator 
for  single-level  circuit  as  it  does  not  require  current  for  op¬ 
eration.  Unfortunately,  however,  the  disk  generator  has  a 
limited  operating  range  at  higher  in-plane  field  frequencies  and 
a  suitable  alternative  had  to  be  sought.  Chen,  Geusic  and 
Nelson  ^  have  taken  advantage  of  the  relatively  low  anisotropy 
fields  of  garnet  films  (H%,  ~  1000  Oe)  to  locally  nucleate  do¬ 
mains  and  report  that  the  nucleation  process  results  from  a 


Fig.  13.  Bias  Field  margins  for  a  single  level  replicate  circuit  (Fig.  12) 
and  an  annihilate  circuit  (photo  insert). 


W  (b) 

Fig.  14.  (a)  Faraday  photograph  of  laser  anneal  spot  (transmitted  light). 

The  diameter  of  the  light  circle  is  about  30  jum.  (b)  Scanning  electron 
micrograph  of  small  damaged  area  at  the  center  of  the  annealed 
region.  The  crater  is  about  12  m m  in  diameter. 


surface  reversal.  Nucleation  fields,  generated  by  current  loop 
and/or  Permalloy  features,  are  reduced  as  the  uniaxial  anisot¬ 
ropy  is  reduced. 

We  have  found  the  anisotropy  field  of  a  local  area  of  a 
garnet  film  can  be  permanently  reduced  by  a  “laser  anneal.” 
Localized  conditions  in  the  garnet  film  suitable  for  a  center 
for  reliable  bubble  generation  were  produced  by  using  a  single 
pulse  for  a  xenon  laser  which  provided  0.3  /is  wide  pulses  of 
light  at  a  wavelength  of  5353  A.  The  laser  beam  was  focused  to 
a  diameter  of  about  5  /im  at  the  garnet  film  and  introduced 
through  the  substrate,  so  that  the  highest  temperature  attained 
in  the  film  from  the  absorption  of  the  light  pulse  occurred  at 
the  film-substrate  interface. 

Figure  14(a)  shows  a  bubble  generating  center  produced  in 
a  film  of  Y2.75Smo.2sGai.3Fe3.7O12.  The  incident  laser  pulse 
had  a  total  energy  of  about  0.7  microjoules,  of  which  about 
half  was  absorbed  in  the  film.  In  this  case  the  incident  laser 
pulse  energy  was  just  above  the  threshold  for  damage  to  the 
film  and  there  is  a  small  area  at  the  center  in  which  some  melt¬ 
ing  and  vaporizing  of  the  film  has  taken  place.  The  small 
damaged  area  is  surrounded  by  an  area  about  30  jLlm  in 
diameter  which  is  not  damaged  structurally,  but  which,  when 
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Fig.  19.  A  proposed  design  for  a  mass  memory  which  incorporates  the 
replicate-annihilate  circuit  and  the  guard  rail  detector. 

there  being  a  position  tolerance  of  ±45°.  The  current-pulse 
amplitude  is  100  ±  25  mA,  with  the  pulse  duration  controlled 
to  1.5  ±  0.5  /is.  Essentially  the  same  generator  design  has  been 
evaluated  as  a  single  level  circuit,  with  the  change  that  the  con¬ 
trol  loop  is  now  Permalloy.  The  operating  margins  included  in 
Fig.  18b  are  very  similar  to  those  of  the  two  level  circuit,  as  are 
the  required  current  amplitudes  and  durations. 

V.  SINGLE  LEVEL  MEMORY  DESIGN 

A  mass-memory  organization  using  the  replicate-annihilate 
circuit  which  could  be  fabricated  with  a  single  mask  is  shown 
schematically  in  Fig.  19.  In  this  organization  the  bits  of  words 
stored  in  the  memory  loops  are  replicated  on  command  into 
the  communication  channel  and  then  propagated  to  the  guard¬ 
rail  bubble  detector,  where  they  are  read  in  serial  fashion.  The 
just  read  bits  are  then  discarded  into  the  guard  rail.  To  write, 
selected  bit  positions  in  the  memory  loops  are  cleared  of  in¬ 
formation,  as  these  positions  traverse  the  replicate-annihilate 
circuit.  New  information,  generated  on  command  by  the  con¬ 
trolled  generator,  is  then  positioned  within  the  replicate-anni¬ 
hilate  circuit  and  replicated  into  the  memory  loops.  In  special 
instances  it  is  desirable  to  have  the  capability  to  rewrite  only 
selected  bits  of  a  word.  This  word  is  first  replicated  into  the 
communication  channel  and  the  bits  to  be  retained  are  in  turn 
replicated  into  the  rewrite  loop.  There  they  are  combined  with 
new  data  inserted  by  the  generator.  In  this  organization  the 
memory  access  time  is  essentially  the  same  as  in  the  major- 
minor  memory  organization;^  however,  the  read  cycle  time 
has  been  reduced  by  approximately  a  factor  of  two.  A  small 
memory  chip  of  this  type  has  been  built  and  tested  in  our 
Laboratories. 

Whether  the  “laser-anneal”  nucleate  generator  or  the  more 
conventional  nucleate  generator  should  be  used  in  a  final  single 
level  mass  memory  chip  design  is  yet  to  be  decided.  Quite 
possibly  the  added  fabrication  complexity  of  the  former  will 
outweigh  any  operational  advantage. 

VI.  CONCLUSIONS 

An  evaluation  of  one-mask  level  circuits  has  been  com¬ 
pleted  which  indicates  their  utility  in  functional  bubble 
circuits.  The  two  main  objections  to  this  class  of  circuits 


have  been  overcome  by  exercising  extreme  care  in  the  design  of 
the  added  Permalloy  control  features  and  by  using  a  nonmag¬ 
netic/magnetic  sandwich  to  reduce  power  dissipation  greatly. 
Such  a  sandwich  can  be  deposited  directly  on  the  garnet  film 
with  the  underlying  nonmagnetic  layer  providing  the  desired 
Permalloy  to  garnet  separation.  Since  the  detector  would  be  in 
direct  contact  with  the  garnet  film,  increased  bubble  domain- 
detector  interaction  is  provided. 

The  availability  of  a  replicate-annihilate  function  has  per¬ 
mitted  us  to  incorporate  a  chevron  expander  detector  within 
the  guard  rail  that  borders  the  active  chip  area,  thus  saving  chip 
area  and  providing  an  increased  output  signal. 

Most  importantly,  the  reduction  of  the  number  of  masks  re¬ 
quired  to  fabricate  a  circuit  to  just  one  will  eliminate  the  prob¬ 
lems  of  mask  registration  and  dimensional  stability  of  masks— 
problems  that  become  severe  at  extremely  high  storage  densities. 
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INTRODUCTION 

Since  its  debut  in  the  late  sixties,  magnetic  bubble  technology 
has  quickly  evolved  to  become  a  promising  alternative  to 
semiconductor  technology  for  computer  construction.1-7 
While  emphasis  has  been  placed  upon  the  application  of 
bubble  technology  to  storage,  its  application  to  logic  has 
thus  far  been  largely  limited  to  the  implementation  of  simple 
basic  operators,  such  as  AND,  OR,  etc.5-7  An  exception  is  the 
excellent  work  recently  reported  in  References  12  and  13. 
This  limitation  to  simple  basic  operators,  however,  is  not  in 
keeping  with  the  high  density  and  low  connectivity  require¬ 
ments  of  LSI  (Large-Scale  Integration),  and  it  has  become 
increasingly  important  to  find  powerful  multi-input  switching 
functions.  The  symmetric  function  is  a  natural  candidate. 
The  realization  of  symmetric  functions  using  magnetic  bub¬ 
ble  technology  has  been  found  to  be  very  simple. 

The  second  part  of  this  paper  provides  some  basic  informa¬ 
tion  for  a  qualitative  understanding  of  the  bubble  technology. 
Part  three  briefly  reviews  symmetric  functions  and  also  in¬ 
troduces  residue  threshold  functions.  Part  four  describes  the 
mechanism  for  realizing  symmetric  functions,  and  part  five 
presents  an  implementation.  Some  concluding  remarks  are 
made  in  part  six. 

MAGNETIC  BUBBLES 

Fundamentals 

Basic  to  magnetic  bubble  devices  is  the  existence  of  mag¬ 
netic  domains  in  uniaxial  magnetic  materials  over  a  range  of 
bias  field.  The  magnetic  domain  is  a  cylindrical  region  in  a 
garnet  film  or  an  orthoferrite  platelet— hence  the  name 
bubble — with  magnetization  perpendicular  to  the  plane  of 
film  or  platelet  and  opposite  to  that  in  the  surrounding  re¬ 
gion.  This  configuration,  Figure  1,  is  achieved  when  the  film 
or  the  platelet  has  uniaxial  magnetic  anisotropy  to  orient  the 
magnetization  perpendicular  to  the  plane,  has  sufficiently 
low  magnetization  to  prevent  the  demagnetizing  field  to 
force  the  magnetization  into  the  plane,  and  has  a  bias  field 
opposite  to  the  bubble  magnetization  direction  to  prevent  the 
bubble  from  expanding  into  serpentine  domains — the  natural 
demagnetized  state. 

*  With  T.  J.  Watson  Research  Center,  Yorktown  Heights,  New  York. 


Several  features  are  noteworthy  for  device  applications: 

(i)  Stable  bubbles  exist  over  a  range  of  bias  field 
strengths,  thus  exhibiting  storage  capability. 

(ii)  A  bubble  can  be  deformed  by  lowering  the  bias  field 
for  further  manipulation,  e.g.,  bubble  generation, 
replication,  etc. 

(iii)  A  bubble  can  be  annihilated  by  raising  the  bias  field. 

(iv)  Bubbles  interact  with  one  another  like,  magnets 
when  they  get  closer  than  about  three  diameters. 
These  interactions  limit  storage  density,  but  are 
necessary  for  logic  circuits  implementation. 

In  the  past,  more  attention  has  been  given  to  the  applica¬ 
tion  of  bubble  technology  to  data  storage  than  to  data  proc¬ 
essing.  The  most  popular  configuration  of  bubble  storage,  by 
far,  is  the  shift  register  with  bubbles  (representing  ONE’s) 
and  voids  (representing  ZERO’s)  propagating  along  fixed 
tracks. 

Propagation 

The  transmission  and  manipulation  of  information  rely, 
directly  or  indirectly,  on  the  propagation  of  bubbles. 

There  are  two  basic  methods  of  producing  movement  of 
bubbles  in  the  plane.  The  first  method  employs  the  current 
in  a  conductor  loop  to  produce  a  field  for  attracting  an  adja¬ 
cent  bubble.  A  sequence  of  bubble  positions  may  be  propa¬ 
gated  by  exciting  a  series  of  conductor  loops  wired  to  carry 
current  pulses.  This  is  referred  to  as  “conductor  propa¬ 
gation.’ J 

The  second  method,  “field  access  propagation,”  depends  on 
the  alternating  magnetic  poles  in  a  patterned  permalloy 
overlay;  the  poles  are  induced  by  a  rotating  field  in  the  plane. 
A  permalloy  bar  is  easily  magnetized  by  this  field  along  its 
long  direction.  When  suitable  permalloy  patterns  are  sub¬ 
jected  to  this  rotating  field,  the  induced  magnetism  in  the 
form  of  a  moving  train  of  poles  pulls  the  attracted  bubbles 
along.  Since  field  access  propagation  is  more  suitable  for  the 
implementation  discussed  in  this  paper,  it  will  be  examined 
in  more  detail. 

The  integers  1,  2,  3  and  4  will  be  used  to  denote  the  four 
phases  of  the  rotating  field,  counterclockwise  starting  from 
the  first  quadrant,  as  shown  in  Figure  2. 


Reprinted  with  permission  from  Proceedings  1973  National  Computer  Conference ,  June,  1973. 
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Bubble 


Figure  1— A  bubble  is  a  cylindrical  magnetic  domain  with 
magnetization  opposite  to  that  of  its  surrounding.  It  exists  in  a  thin  film 
of  uniaxial  anisotropy,  under  proper  bias  field 


The  permalloy  pattern  shown  in  Figure  3  will  guide  the 
bubble  propagation  from  left  to  right.  As  the  field  rotates 
from  1  to  2,  for  instance,  the  upper  end  of  the  vertical  I-bar 
to  the  right  of  the  current  bubble  position  will  be  magnetized 
positively  and  thus  be  able  to  attract  the  negative  end  of  the 
bubble  toward  the  right.  The  entire  bubble  moves  as  a  result. 

Information  is  carried  by  a  stream  of  bubbles  and  voids 
(vacancies),  conventionally  designated  to  represent  1  and  0, 
respectively.  As  each  bubble  in  the  stream  moves  by  a  unit 
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Figure  3 — Bubble  propagation — A  T-I  bar  permalloy  pattern  propagates 
bubbles  by  moving  magnetic  poles  induced  in  a  rotating  field 


distance,  the  voids  in  between,  if  any,  will  have  an  apparent 
movement  also  by  a  unit  distance.  Thus  the  entire  stream 
flows  at  a  regular  rate  in  response  to  the  periodic  magnetiza¬ 
tion  of  the  regular  TI  permalloy  pattern.  When  the  permal¬ 
loy  pattern  like  the  one  shown  in  Figure  3  is  arranged  in  a 
loop,  a  shift  register  memory  results. 

An  idler  is  a  cross-like  permalloy  pattern  as  shown  in 
Figure  4.  In  the  absence  of  extraneous  influence,  the  bubble 
in  an  idler  will  circulate  indefinitely;  it  is  movable  by,  for 
example,  a  suitably  positioned  repelling  bubble  or  magnetism 
induced  by  a  wire  loop  nearby.  Thus,  without  the  external 
influence  of  magnetic  force  other  than  the  rotating  field,  a 
vacant  idler  position  serves  as  a  bubble  trap,  and  a  filled 


(b)  Corresponding  Positions  of  Induced 
Positive  Magnetic  Poles 

Figure  2 — Labelling  convention  for  the  four  phases  of  a  rotating  field 

and  their  corresponding  positions  of  induced  positive  magnetic  poles  Figure  4 — An  idler  circulates  a  bubble  within  a  permalloy  cross 
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idler  position  appears  like  a  “short-circuit”  insofar  as  bubble 
propagation  is  concerned;  a  stream  of  bubbles  and  voids  in 
a  tandem  of  idlers  may  thus  be  able  to  remain  stationary  in 
the  presence  of  the  rotating  field. 

Other  forms  of  permalloy  patterns  can  be  used,  notably 
7-patterns  and  “angelfish.”  8 


Interaction 

The  magnetostatic  interaction  between  bubbles  is  essential 
to  the  generation  of  logic  functions.  Bubble  domain  media 
such  as  orthoferrite  platelets  and  garnet  films  have  very  low 
wall  motion  threshold.  Hence  the  flux  lines  emanated  from 
a  bubble  are  adequate  to  move  an  adjacent  bubble  as  far  as 
two  or  three  bubble  diameters  away. 

Figure  5  shows  how  bubbles  can  interact  with  each  other 
to  generate  two  logic  functions.5  The  device  shown  in  Figure 
4  has  two  streams  of  input  variables,  namely  A  and  B.  The 
presence  or  absence  of  a  bubble  (also  respectively  called 
bubble  and  void)  represents  the  true  or  false  value  of  a 
variable.  The  lower  bubble,  representing  A ,  will  propagate 
toward  the  output  terminal  labelled  AVB,  independent  of 
bubble  B.  If  bubble  B  is  currently  at  the  position  shown, 
then  one  quarter  cycle  later  it  may  take  one  of  the  two  pos¬ 
sible  paths,  depending  on  the  presence  of  bubble  A.  With 
bubble  A  being  where  it  is  as  shown,  the  interaction  of  these 
two  bubbles  will  force  bubble  B  to  propagate  to  4'  rather  than 
to  4,  one  quarter  cycle  later.  The  information  that  both  A 
and  B  bubbles  are  present  is  conveyed  by  the  propagation  of 
bubble  B  toward  the  output  terminal  labelled  AAB.  With 
the  absence  of  bubble  A ,  bubble  B  will  propagate  downward 
to  the  output  terminal  labelled  AVB.  In  addition  to  the  in¬ 
teraction  of  bubbles,  one  can  clearly  see  that  the  precise 
timing  of  bubble  propagation  is  crucial  to  the  proper  genera¬ 
tion  of  logic  functions. 


Figure  6 — Bubble  generation — A  permalloy  pattern  generates  new 
bubbles  by  stretching  and  then  severing  a  mother  bubble  into  halves 

The  realization  of  other  logic  elements  such  as  binary  full 
adder  has  been  demonstrated  to  be  feasible.8 


B 


I 


AV  B 

Figure  5 — Bubble  logic — A  permalloy  pattern  brings  bubbles  together  to 
interact  magnetostatically  and  thereby  generates  logic  functions 


Generation  and  annihilation 

A  permanent  bubble  associated  with  the  generator  disk, 
shown  in  Figure  6,  is  forced  to  stretch  when  one  end  becomes 
trapped  during  phase  2  of  the  planar  rotating  field.  As  the 
planar  field  keeps  rotating,  the  bubble  is  further  stretched. 
Between  phases  3  and  4  its  thinly  stretched  position  will 
sever  into  two,  leaving  a  newly  formed  bubble  to  the  right  of 
the  generator  disk. 

The  annihilation  of  a  bubble  can  be  achieved  by  arranging 
the  permalloy  pattern  as  shown  in  Figure  7.  During  phases 
3  and  4,  the  bubble  remains  essentially  in  the  same  position. 
During  phase  1,  the  bubble  is  severely  weakened  because  the 
attracting  pole  of  the  permalloy  pattern  is  remote;  yet  the 
repelling  one  is  near  and  strong,  thus  annihilating  the  bubble. 

SYMMETRIC  SWITCHING  FUNCTIONS 

Symmetric  switching  functions 
The  function 

£(A  |  X)  ==S(ai,  a2,  .  .  .  ,  am  |  xh  x2,  .  .  .  ,  xn) 
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(a) 


] 


As  further  examples,  the  popular  NAND  and  NOR  functions, 
each  of  which  is  a  universal  logical  connective  in  its  own 
right,  can  be  synthesized  by  symmetric  functions,  at  no  in¬ 
crease  in  complexity,  as  follows: 

X1AX2=S(0,  1  I*!,  x2) 

X^X2  =  S(0\xhx2). 

As  examples  of  synthesizing  practical  circuits,  the  binary 
adder  with  x}  y,  z  as  its  input  operands  and  input  carry  can 
have  its  outputs,  carry  and  sum,  defined  by: 

carry  =£(2,  3  |  x,  y,  z) 
sum  =  5(1,  3  |  x,  y,  z) . 


(b) 


(c) 


U  (d) 

Figure  7 — Bubble  annihilation— A  permalloy  pattern  propagates  a 
bubble  to  a  trapping  position  where  the  bubble  is  collapsed  upon  field 
reversal 


with 

di'.  an  integer  and  0 <ai<n 
Xj\  0  or  1  (switching  variable) 

is  said  to  be  a  symmetric  switching  function  when  and  only 
when  the  sum  over  X  equals  one  of  the  values  in  A,  i.e., 

5(A  |  X)  —  1  if  23  Ai  =  one  of  the  values  in  A 

i 

=  0  otherwise. 

The  values  in  A  are  commonly  called  a-numbers.  It  is  clear 
that  a  permutation  of  the  vector  X  does  not  change  the 
value  in  5,  hence  the  term  “symmetric.”  9-10 

Symmetric  switching  functions  can  be  used  to  synthesize 
other  logical  functions  with  a  proper  selection  of  a-numbers. 
In  fact,  the  symmetric  function  is  a  universal  logical  connec¬ 
tive  since  the  commonly  used  universal  set  of  logical  connec¬ 
tives,  AND,  OR,  and  NOT  can  be  synthesized  trivially: 

XiAX2  =  S(2  I  xl9  x2) 

X1VX2  =  S(1,2\xu  x2) 

X,  =  5(0  |  ah). 


Residue  threshold  functions 

A  subset  of  symmetric  functions,  called  residue  threshold 
functions,  has  been  recently  studied.11  Given  n  switching 
variables  xlf  x2,  .  .  .  ,  xa,  m  a  positive  integer,  and  t  a  non¬ 
negative  integer,  the  residue  threshold  function  is  defined  as 

R(t,  m  |  xi,  .  .  .  ,  xn)  =R(t,  m  |  X)  (23  Xt)  Mod  m 


that  is, 

R(t,m\X)  —  \  if  and  only  if  ( X,)  Mod  m>^. 


Here,  ( 23  Xi)  Mod  m  is  defined  to  be  the  least  positive  re¬ 
mainder  of  Xi) /m,  which  is  a  number  between  0  and 
m- 1  inclusively. 

The  relationship  between  the  symmetric  switching  function 
and  the  residue  threshold  function  is  very  simple. 

R(t,m\X) 

is  equivalent  to 

S(A\X), 

with  A  containing  all  positive  integers,  a/s  (at-</j)  such  that 
Ka^Modm. 


As  noted  before,  the  symmetric  function  derives  its  power¬ 
ful  capability  of  synthesizing  any  other  logical  function  from 
the  “personalization”  of  its  a-numbers.  In  practice,  the  a- 
numbers  are  usually  much  more  structured  than  a  mere 
enumeration  would  indicate,  and  a  common  structure  is  the 
cyclicity.  An  example  here  may  help  clarify  this  point.  To 
find  the  parity  of  a  sequence  of  bits,  one  needs  only  to  know 
whether  the  number  of  ONE’s  in  the  sequence  is  even  or  odd. 
The  exact  number  of  ONE’s  is  immaterial.  Thus,  instead  of 
specifying 

<S(1,  3,  5,  7, ...  |  X), 
one  needs  only  to  specify 

fl(l,2|X). 

The  underlying  structure  permits  a  significantly  simplified 
implementation  as  will  be  seen  in  a  later  section  of  this  paper. 


STEPS  TOWARD  REALIZING  SYMMETRIC 
SWITCHING  FUNCTIONS 

Based  on  economical  considerations,  the  progress  of  LSI 
of  solid  state  devices  is  measured  in  terms  of  the  ever  in- 
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creasing  device  density  and  chip  area,  hence  the  number  of 
devices  per  chip.  One  should  note  that  as  the  area  for  devices 
is  increased  by  a  factor  of  ra2,  the  periphery  for  interconnec¬ 
tions  is  increased  only  by  a  factor  of  m.  Thus  the  merit  of 
LSI  can  best  be  improved  by  increasing  the  versatility  of  de¬ 
vices  to  permit  self-sufficiency  within  the  chip  and  to  reduce 
the  number  of  external  interconnections  required  for  input/ 
output,  control  and  power.  Bubble  domain  devices  with 
shift-register  type  of  memory  capabilit}'  and  symmetric 
switching  function  type  of  logic  capability  appear  to  be  an 
attractive  candidate  for  LSI. 

Here  we  consider  the  mechanisms  required  for  the  realiza¬ 
tion  of  symmetric  switching  functions  using  magnetic  bubble 
technology.  Implementation  based  on  these  observations 
will  be  discussed  in  the  next  section. 

Given  a  sequence  of  bubbles  and  voids,  X,  consider : 

(i)  Bubble  sifting:  since  the  symmetric  function  is  in¬ 
variant  to  permutation,  one  can  sift  the  bubbles  in  X 
to  result  in  a  new  sequence  Y  in  which  bubbles  gravi¬ 
tate  to  one  end  (say,  left  end)  of  Y.  For  instance,  if 
X  is  0  1  0  1  then  Y  would  be  1  1  0  0. 

(ii)  Leading  bubble  detection:  there  exists  a  simple  rela¬ 
tionship  between  the  position  of  the  leading  bubble 
(rightmost  bubble)  in  Y  and  the  number  of  bubbles 
in  either  X  or  Y.  This  relationship  is 


Input  Bubble 
Stream  X 


A-numbers 


S(A  |  X) 


Figure  8— A  block  diagram  showing  required  bubble  mechanisms  to 
realize  symmetric  switching  functions 


Example  1 : 

X=  0101  A  =  0,  2,  3 

F=  1100  £=10110 

Z= 11100 
W=0  0  10  0 


ANDing  between  W  and  £ 

W  =  0  olllo  0 
£=10110 
I 

T  hence  S(A  |  X)=l 


Example  2: 


m  =  n-fl— p,  or  p  =  n—mJrl, 

where  m  is  the  number  of  bubbles,  n  the  length  of 
X  or  F,  and  p  the  position  of  the  leading  bubble 
(1-origin,  left  indexed)  in  Y.  For  the  case  m  =  0,  p 
will  be  considered  ra+1  as  the  above  formula  dictates. 
In  practice,  one  can  augment  Y  into  Z  by  appending 
a  1  to  the  left  of  F,  in  order  to  accommodate  the 
m  =  0  case.  At  the  end  of  this  leading  bubble  detection 
stage,  one  obtains  a  bubble  stream  W  in  which  there 
is  one  and  only  one  bubble. 

(iii)  Interaction  with  the  control  bubble  stream:  a  control 
stream  of  bubbles  and  voids  can  be  constructed  with 
the  positions  of  bubbles  representing  the  a-numbers. 
That  is,  A  =  ai,  .  .  .  ,  am  is  represented  by 

£  &0j  &1)  •  •  •  )  bn 

such  that 

bi=  1  if  i  is  in  A 
=  0  otherwise. 

By  proper  timing,  the  information  coming  out  of  the  stage  of 
leading  bubble  detection  (with  bubble/ void  representing 
that  the  leading  bubble  has/has  not  been  detected)  is  re¬ 
quired  to  AND  with  the  components  of  £.  At  any  time  dur¬ 
ing  ANDing  a  1  output  indicates  that  the  number  of  ONE’s 
in  X  agrees  with  one  of  the  a-numbers.  Therefore,  S(A\X)  = 

1  if  and  only  if  ANDing  of  the  control  stream  and  the  output 
from  the  leading  bubble  detection  stage  yields  a  true  output. 

The  mechanism  described  above  is  summarized  in  a  block 
diagram  shown  in  Figure  8. 


X=  0000  A  =  3 

Y =  0000  £=00010 

Z=  1  0  0  0  0 

IF=  1  0  0  0  0 

ANDing  between  W  and  £ 


W 

£=l 


0000 

0010 


hence  £  (A  |X)=0 


IMPLEMENTATION 


Figure  9  shows  the  detailed  permalloy  pattern  implement¬ 
ing  the  scheme  depicted  in  Figure  8.  It  consists  of  four  re- 


INPUT 

(both  data  &  flusher) 


Figure  9— A  permalloy  pattern  to  implement  the  block  diagram  in 
Figure  8 
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gions,  with  region  I  being  the  sifter,  region  II  the  leading 
bubble  detector,  region  III  the  control  bubble  stream,  and 
region  IV  the  AND  gate. 

The  bubble  sifter  (region  I)  contains  n  idlers  in  tandem, 
with  the  leftmost  one  connected  to  the  vertical  input  chan¬ 
nel.  The  idlers  within  the  sifter  are  slightly  offset  in  such  a 
way  that  it  favors  bubble  movement  toward  the  right.  A  bub¬ 
ble  in  the  idler  tandem,  however,  will  not  move  to  the  right 
unless  all  the  idler  positions  to  its  left  are  filled  with  bubbles, 
and  there  is  a  bubble  entering  at  the  input  channel  trying  to 
push  all  the  bubbles  in  the  sifter.  The  net  effect  is  that  voids 
will  skip  all  preceding  bubbles.  The  input  stream  X  as  defined 
before  will,  after  n  cycles,  become  the  n-bit  stream  Y  residing 
in  the  sifter  with,  say,  m  bubbles  juxtaposed  with  ( n—m ) 
voids  to  their  right. 

Without  further  external  influence,  the  Y  stream  will  stay 
in  the  sifter  indefinitely.  The  entering  of  an  (n+1)  -bubble 
flushing  stream  at  the  input  channel  at  this  time  will  drive 
the  Y  stream  to  the  right  for  leading  bubble  detection.  The 
first  bubble  in  the  flushing  stream  and  the  Y  stream  form  the 
augmented  stream  designated  as  Z  in  the  previous  section. 

Initially,  the  leading  bubble  detector  (region  II)  contains 
a  resident  bubble  in  its  right  idler.  As  the  very  first  bubble 
from  the  sifter  arrives  at  the  center  idler,  the  resident  bubble 
will  be  repelled  to  the  right  into  the  AND  gate  (region  IV), 
conveying  the  information  that  the  leading  bubble  of  the  Z 
stream  has  arrived.  The  bubble  in  the  center  idler  is  trapped 
there  and,  through  its  magnetostatic  force,  will  divert  all  the 
following  bubbles  from  the  sifter  upward  to  an  annihilator. 

A  bubble  generator  (not  shown  in  Figure  9)  will  issue  bub¬ 
bles,  according  to  the  a-numbers  of  the  given  symmetric 
function,  into  region  III  which  is  a  closed  loop  shift  register. 
This  circulating  bubble  stream  is  the  personalized  control 
bubble  stream  B  discussed  previously. 

The  description  of  detailed  operations  in  terms  of  bubble 
interactions  with  the  permalloy  pattern  is  now  in  order.  The 
sequence  of  events  together  with  the  time  intervals  is  shown 
in  Figure  10.  For  illustration,  we  assume  that  the  input  is 
0  10  1  with  the  rightmost  position  being  the  leading  posi¬ 
tion,  followed  by  a  sequence  of  five  flushing  bubbles.  The 
bubbles  in  the  input  stream  ( X  or  Y),  called  data  bubbles, 


INPUT 

(both  data  &  f lusher) 


OUTPUT 
*  (symmetric 
function) 


Figure  10-^Sequence  of  key  events  in  the  symmetric-function  bubble 
device:  (a) — 1=*0.  The  device  is  cleared.  A  resident  bubble  is  loaded  into 
the  first  bubble  detector.  The  first  data  bit  (a  ONE,  i.e.,  a  bubble)  of 
the  input  bubble  stream  (0101)  is  ready  to  enter  the  sifter. 


INPUT 

(both  data  &  flusher) 


Ti  i  i 

. Til . 1 . 1. 

“ii'i  i  i 

IV 

J_ 

..I— 

L  1  _t  I 
— 1 C  ,n  1 

_L  _L  _L 

1  Dl 
TTT 

r 

h 

OUTPUT 

(symmetric 

function) 


Figure  10(6) — 1= 2.  The  first  data  bit  is  trapped  at  the  first  position 
(leftmost  idler)  while  the  second  data  bit  (a  void)  has  skipped  by.  This 
demonstrates  the  sifting  function. 


are  represented  by  solid  dots,  the  flushing  bubbles  by  circles, 
and  the  resident  bubble  by  a  circle  with  a  cross  in  it. 

The  initial  ( t  =  0)  status  is  shown  in  Figure  10-a,  the  cor¬ 
responding  field  phase  is  3  (see  Figure  2).  At  t=l,  the  first 
data  bubble  has  advanced  to  the  leftmost  idler,  and  at  the 
input  channel  is  the  void.  One  cycle  later,  t  =  2,  the  first  data 
bubble  still  remains  at  the  same  position;  thus  it  can  be  said 
that  the  void  has  skipped  the  bubble  preceding  it  and  now 
resides  at  the  second  idler  from  the  left.  At  the  same  time, 
there  comes  the  second  data  bubble  ajt  the  input  channel.  At 
2  =  23 4:)  the  second  data  bubble  moves  downward  and  repels 
the  first  data  bubble  toward  the  right,  causing  it  temporarily 
out  of  synchronization.  At  t  =  2%,  the  first  data  bubble  is 
attracted  to  position  1  of  the  second  idler  from  the  left,  thus 
re-synchronized  with  the  rotating  field.  The  above  sequence 
of  operations  in  the  last  three  field  phases  of  a  cycle  is  shown 
in  Figure  10-c. 

Figure  10-d  shows  the  status  at  2  =  4;  the  two  data  bubbles 
are  residing  at  the  twro  idlers  at  the  left  and  the  two  voids 
can  be  thought  to  have  skipped  the  bubbles  and  advanced  to 
the  two  idlers  at  the  right.  The  first  flushing  bubble  is  now 
at  the  input  channel.  For  this  example,  it  takes  two  more 
cycles  to  fill  up  the  sifter  and  the  input  channel,  and  two 
additional  cycles  for  the  leading  data  bubble  to  be  flushed 
out  of  the  sifter  and  propagated  to  the  center  idler  of  the 


INPUT 

(both  data  &  flusher) 
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Figure  10(c)— 1  =  2, 2  1/4,  2  2/4.  The  third  data  bit  (a  bubble)  pushes 
the  first  data  bit  (a  bubble)  to  the  second  position 
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detector.  The  interactions  at  t  —  8  and  t  =  8 34  are  shown  in 
Figure  10-e.  As  time  advances  from  t  =  8  to  t  =  8 34,  the  pres¬ 
ence  of  the  first  data  bubble  in  the  detector  causes  the  resi¬ 
dent  bubble  to  move  to  position  4'  in  region  IV,  and  the 
bubble  following  it  to  move  upward  to  position  4'  in  region 
II  which  leads  to  an  annihilator.  As  the  leading  data  bubble 
is  trapped  in  the  center  idler,  all  following  bubbles  will  be 
diverted  upward  to  the  annihilator.  Consequently,  during  the 
whole  operation  one  and  only  one  bubble  will  leave  region 
II  and  enter  region  IV. 

Half  a  cycle  later,  t  =  8%,  the  resident  bubble  is  at  position 
2  in  region  IV,  shown  in  Figure  10-f.  If,  at  this  instant,  there 
is  a  bubble  in  region  III  at  the  position  indicated  by  a  small 
square,  the  resident  bubble  will  be  forced  to  move  to  position 
3'  in  region  IV  at  t  =  9,  giving  an  indication  that  the  sym¬ 
metric  function  is  true.  Otherwise,  the  resident  bubble  will 
move  downward  in  region  IV  and  be  annihilated  eventually. 
It  is  clear  now  that  the  upper  portion  of  region  IV  behaves  as 
an  AND  gate. 


INPUT 

(both  data  &  flusher) 


Yu  i 

I ...  i . i . i. 

±ui 
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IV 
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1  131 
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OUTPUT 

(symmetric 

function) 


Annihilation 

Figure  10(d) — 1= 4.  The  flusher  bubbles  are  ready  to  enter  the  sifter 


In  general,  with  an  n-bit  (bubble/ void)  input  having  m 
bubbles,  the  critical  ANDing  time,  ta ,  {ta  =  8%  in  the  case 
discussed  above)  between  the  resident  bubble  and  the  con¬ 
trol  bubble  stream  is 


ta  =  n+  { n—m )  +2 +%=  (2  n—m)  +2%, 

of  which  n  cycles  are  required  to  load  and  sift  the  data  bubbles 
and  voids  in  the  sifter  (region  I),  n—m  cycles  required  to 
fill  the  sifter,  2  more  cycles  required  to  propagate  the  right¬ 
most  bubble  in  the  sifter  to  the  center  idler  of  region  II,  and 
finally. %  cycle  required  to  move  the  resident  bubble  to  posi¬ 
tion  2  of  region  IV. 

It  can  be  easily  deduced  from  the  above  formula  that  if  the 
resident  bubble  cannot  be  found  at  position  3'  in  region  IV 
before  or  at 

ta  U= o-b34==2h+3, 

then  the  symmetric  function  is  false.  In  other  words,  the 
operation  time,  excluding  initialization,  of  this  device  is 
2n+3  cycles. 

We  have  shown  a  bit-serial  implementation.  If  each  idler 
in  the  sifter  is  directly  connected  with  an  input  channel,  the 
parallel  input  operation  can  be  performed  to  gain  speed.  This 
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Figure  10(e)— t— 8,  8-1/4.  The  leading  data  bubble  has  entered  the 
center  idler  of  the  leading  bubble  detector,  pushing  the  resident  bubble 
into  the  AND-gate.  The  leading  data  bubble  is  trapped  in  the  center 
idler,  diverting  the  following  bubbles  to  an  annihilator 


is  because  the  sifting  can  be  performed  during  flushing  time; 
no  data  bubble  can  leave  the  sifter  until  all  idlers  in  it  have 
been  filled.  Assuming  that  the  flushing  bubbles  are  allowed 
to  enter  at  the  leftmost  input  channel,  we  find 

ta—  1+  {n—m)  +2+%=  {n—m)  -f-3%. 

and  the  operation  time  for  this  parallel  input  is  thus  n+ 4. 

In  many  applications,  the  a-numbers  are  well  structured 
and  thus  help  simplify  the  control  bubble  stream  signifi¬ 
cantly.  As  we  discussed  earlier,  the  parity  check  of  a  sequence 
of  bits,  X ,  can  be  expressed  as 

fl(l,  2  |  X). 

To  realize  this,  the  control  bubble  stream  needs  only  to  con¬ 
sist  of  one  bubble  and  one  void  in  a  tight  loop,  saving  much 
space. 


CONCLUSION 


We  have  shown  how  to  realize  symmetric  switching  with 
magnetic  bubble  devices.  The  implementation  is  simple,  yet 
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(both  data  &  flusher) 


OUTPUT 

(symmetric 

function) 


Figure  10(/) — t =8-3/4.  The  resident  bubble  is  at  a  position  to  interact 
with  the  control  bubble  streams.  The  presence  of  a  control  bubble  at  the 
square  will  force  the  resident  bubble  to  move  to  3'  leading  to  the  output, 
indicating  that  the  symmetric  function  is  true.  The  absence  of  a  control 
bubble  will  permit  the  resident  bubble  to  move  to  3  and  then  the 
annihilator,  indicating  that  the  symmetric  function  is  false 
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with  the  easily  achievable  personalization  of  the  control  bub¬ 
ble  stream  it  produces  a  versatile  and  powerful  logic  device. 
Our  a-numbers  stream  is  a  simple  example  of  the  personaliza¬ 
tion  through  a  circulating  shift  register  memory.  The  per¬ 
sonalization  persists  as  long  as  the  vertical  bias  magnetic 
field  is  present. 

Both  bubble  memory  and  bubble  logic  devices  are  imple¬ 
mented  with  very  similar  permalloy  patterns,  hence  it  is  pos¬ 
sible  to  have  a  mixture  of  memory  and  logic  at  a  very  local 
scale.  Such  a  mixture  is  particularly  attractive  because  of  its 
low  cost  and  low  power  dissipation.  Note  that  traditionally 
memory  and  logic  are  in  separate  units.  For  example,  the 
ferrite  core  memory  and  semiconductor  central  processing 
unit  are  separate,  because  of  different  technologies.  In  semi¬ 
conductors  memory  and  logic  are  separate,  partly  because 
of  the  density  contrast  of  repetitive  cells  in  memory  versus 
a  great  variety  of  cells  in  logic;  and  more  importantly  be¬ 
cause  read-write  memory  is  volatile,  and  logic  must  use  a 
more  nondestructive  implementation.  Thus  circuit  logic  re¬ 
sembles  read-only  memory,  and  tends  to  be  different  from 
read-write  memory  in  construction.  The  magnetic  disks, 
drums,  and  tapes  simply  do  not  have  any  resident  logic  capa¬ 
bility,  and  must  rely  on  external  logic  circuits  (control  unit, 
channels,  etc.)  for  data  routing  and  data  management.  With 
the  capability  of  an  intimate  mix  of  memory  and  logic,  much 
of  the  previous  demarcation  lines  can  be  removed.  The  design 
optimization  should  be  greatly  facilitated.  In  fact,  the  hard¬ 
ware  capability  may  induce  revolutionary  changes  in  com¬ 
puter  organization  and  architecture. 
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Bubble  Domain  Memory  Chips 

HSU  CHANG 


Abstract  —  Three  memory  chip  organizations  (major/minor 
loops,  decoders,  and  dynamically  ordered  shift  registers)  are 
described  and  assessed  in  terms  of  memory  performance 
objectives. 


I.  INTRODUCTION 

Bubble  domain  memories  will  be  light  ( 1 0~  7  lb/bit),  com¬ 
pact  (106  in3 /bit),  and  low  power  (10  6  W/bit),  as  inferred 
from  published  memory  module  designs.  [1,2]  The  data  rate 
in  the  present  experimental  type  memory  is  only  10s 
bits/second,  but  is  potentially  capable  of  106-107  bits/ 
second.  [3,4]  The  storage  density  is  about  106  bits/inch2  in 
the  present  bubble  devices.  [5]  However,  magneto-plum- 
bites  [6]  exhibit  bubble  sizes  amenable  to  108  bits/inch2 
density,  and  Co  foils  [7]  exhibit  closely  packed  hexagonal 
bubble  lattices  with  1010  bubbles/inch2 .  Their  utilization  will 
impose  demands  beyond  the  current  photolithography  capabil¬ 
ity  and  perhaps  require  new  device  concepts  and  configura¬ 
tions. 

Much  has  been  reported  and  reviewed  of  this  fast-moving 
new  technology,  covering  devices,  [8]  materials,  [9,10]  and 
physics.  [3,11,12]  This  paper  surveys  three  memory  chip 
configurations  —  major/minor  loops,  [13]  bubble-domain 
decoders,  [14]  and  dynamically-ordered  shift  registers.  [15] 
They  are  compared  in  terms  of  access  time,  number  of 
circuits  per  bit,  and  vulnerability  to  defects.  Moreover,  it  is 
noted  that  the  configurations  are  compatible.  Optimum  per¬ 
formance  is  obtained  by  combining  dynamic  ordering  with  the 
bubble  decoder  or  major/minor  loops.  Such  combinations 
shorten  the  effective  access  time  sufficiently  to  permit  main- 
memory  application,  improve  the  sharing  of  circuits  to 
accommodate  chip  design  to  the  constraint  of  limited  pin 
number  allowed  per  chip,  and  reduce  vulnerability  to  defects 
to  improve  yield. 

Bubble  memories  were  originally  heralded  as  possible  disk 
file  replacements.  In  view  of  the  projected  [1]  cost  per  bit 
(5  X  10  3  Ubit)  and  capacity  (15  X  106  bits)  for  the  bubble 
memories  described,  at  present,  it  should  be  qualified  as 
fixed-head  disk  file  replacement.  The  greatly  shortened  effective 
access  time  through  dynamic  ordering  of  data  opens  up  the 
possibility  of  main-memory  applications.  Logic  and  other 
capabilities  of  bubble  domains  have  been  described  in  publica¬ 
tions  and  patent  literature.  The  versatility  and  flexibility  are 
reminiscent  of  semiconductor  technology  and  are  worthy  of 
similar  exploration. 
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II.  MAJOR/MINOR  LOOP  MEMORY 

The  basic  concept  of  a  major/minor  loop  memory  (Figure 
1)  is  to  use  many  minor  loops  for  storage  which  are  linked 
with  a  common  major  loop  for  input  and  output.  The  bits  of 
each  word  are  distributed  among  the  minor  loops.  When  a 
word  is  selected,  the  corresponding  bits  in  all  minor  loops  are 
propagated  to  transfer  stations  linking  the  major  loop.  The 
bits  are  transferred,  assembled  into  a  word,  and  propagated 
serially  to  circuits  for  detection  and  annihilation.  The  write 
process  is  similar  but  in  reverse. 

A  chip  which  contains  all  the  loops  and  circuits  basically 
needs  only  four  conductors  and  four  circuits  to  execute  trans¬ 
fer,  detection,  annihilation,  and  generation.  Such  chips  can  be 
used  as  building  blocks  and  be  assembled  into  memory  con¬ 
figurations  to  further  economize  the  use  of  conductors  and 
circuits.  Figure  2  shows  a  “coincident”  memory.  It  does  not 
employ  the  conventional  time  coincidence  of  pulses  as  do 
core  or  film  memories.  Instead,  a  transfer  pulse  is  applied  to 
prime  one  out  of  m  rows  of  chips  to  transfer  the  n  words  in 
the  row  into  their  respective  major  loops.  Then  one  (or 
more)  of  the  n  words  can  be  read,  cleared,  and  rewritten  by 
activating  one  (or  more)  of  the  n  columns. 

III.  DYNAMICALLY  ORDERED  SHIFT  REGISTERS 

Programmers  have  long  observed  that,  in  data  processing, 
the  most  recently  used  data  are  very  likely  to  be  reused  soon. 
They  have  taken  advantage  of  this  fact  by  constructing 
algorithms  which  arrange  data  in  the  order  of  how  recently 
they  have  been  used.  Such  an  algorithm  can  be  implemented  in 
hardware  by  using  bubble  domain  devices  [15] . 

Essential  to  the  dynamic  ordering  is  the  ability  to  shift 
forward  all  bits  until  the  bit  currently  referred  to  is  in  the 
foremost  (output)  position.  The  bit  is  frozen  there  while  the 
other  bits  are  restored.  This  can  be  accomplished  by  allowing 
bubbles  to  propagate  in  two  directions,  corresponding  to 
clockwise  or  counterclockwise  field  rotations.  The  reverse 
direction  of  propagation  leaves  the  foremost  bit  at  the  output 
position.  Alternatively,  unidirectional  propagation  (by  Permal¬ 
loy  pattern)  can  be  aided  with  local  current  loops.  The 
Permalloy  pattern  is  used  to  propagate  all  bits.  The  current 
loops  are  used  to  freeze  the  bubble  at  the  foremost  position 
and  to  bridge  over  the  gap  opened  by  the  frozen  position  in 
the  Permalloy  path.  The  second  scheme  obviates  the  need  for 
fast-reversing  field  coils. 

In  a  dynamically  ordered  shift  register  array,  a  word 
distributes  its  bits  among  the  different  shift  registers.  More¬ 
over,  each  word  carries  its  own  address,  which  moves  with  the 
information  bits  of  the  word  (see  Figure  3).  When  an  address 
appears  in  the  address  register,  the  bits  in  the  shift  registers  are 
first  propagated  clockwise.  With  each  step  of  propagation,  the 
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Fig.  1.  A  major/minor  loop  memory  chip.  The  minor  loops  hold  data 
which  are  transferred  on  command  into  a  major  loop  and  propagated 
to  a  detector  for  readout  and  an  annihilator  for  clear.  Rewrite  is 
effected  by  a  generator.  (After  Bobeck  and  Scovil,  Scientific  Ameri¬ 
can,  June  1971,  p.  90.) 


READ 

ERASE 

WRITE 


Fig.  2.  A  coincident  memory  composed  of  major/minor  loop  memory 
chips.  A  transfer  line  is  selected  to  activate  an  entire  row  of  chips 
for  read,  clear,  and  rewrite. 


address  of  the  foremost  word  is  compared  with  the  desired 
address,  and  the  total  number  of  steps  advanced  ( n )  is  re¬ 
corded  by  a  counter.  The  clockwise  propagation  is  continued 
until  the  desired  address  is  found.  Then  the  rotating  field  is 
reversed,  and  the  bubbles  are  propagated  in  the  counterclock¬ 
wise  direction  by  [n- 1)  steps.  The  process  of  dynamic  ordering 
is  illustrated  in  Figure  4. 

Simulation  study  [16,17]  reveals  that  for  shift  registers 
104  bits  long,  through  dynamic  ordering,  the  effective  access 
time  can  be  reduced  significantly  below  the  propagation  delay 
in  the  loop,  thus  approaching  the  speed  required  of  a  random 
access  memory.  Circuitry  and  interconnection  economy  is 
achieved  through  the  use  of  long  shift  registers. 


IV.  SELF-CONTAINED  MEMORY  CHIP 

The  two  preceding  sections  have  shown  two  bubble  memory 
chips  with  the  abilities  of  storage  (by  remanence),  trans¬ 
mission  (by  bubble  movement),  write  (by  bubble  splitting), 
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Fig.  3.  A  dynamically  ordered  shift  register  array  reduces  the  effective 
access  time  to  a  value  approaching  the  field  rotation  period. 
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Fig.  4.  An  illustration  of  the  dynamic  ordering  process.  The  initial 
order  is  ABCDE.  After  the  requests  for  D  and  B,  the  order  be¬ 
comes  BDACE. 


read  (by  magnetoresistive  effect),  and  clear  (by  bubble 
annihilation).  This  section  will  show  that,  in  addition,  the 
decoding  function  can  be  achieved,  on  a  bubble  memory  chip 
utilizing  the  switch  capability  of  bubble  devices. 

Refer  to  Figure  5.  A  bubble  decoder  [14]  is  composed  of 
shift  registers  which  contain  two  parallel  paths.  Current  loops 
are  superimposed  on  the  shift  registers  so  that  with  a  given  set 
of  currents,  one  and  only  one  shift  register  will  propagate 
bubbles  from  its  input  straight  through  the  propagation  path 
to  its  output,  while  in  all  the  other  shift  registers  the  current 
switches  will  deflect  bubbles  to  the  alternative  paths  which 
lead  bubbles  to  annihilators. 

A  decoder  can  be  used  with  a  shift  register  memory  array  to 
provide  selective  read,  write,  and  clear  functions.  Bubble  gen¬ 
erators  and  annihilators  (one  per  shift  register)  are  provided 
with  the  decoder  for  selective  write  and  clear  in  the  memory 
array.  For  read,  the  decoder  can  only  select  a  shift  register. 
For  all  shift  registers  to  share  a  common  detector  their  outputs 
must  be  connected  to  the  detector  through  a  common  channel. 
This  can  be  accomplished  by  a  bubble  expansion  loop  linking 
outputs  of  all  shift  registers,  by  serially  connected  magneto¬ 
resistors,  or  by  a  bubble  compressor  circuit,  [13]  but  one 
modified  so  as  to  have  multiple  input  ports  receiving  bubbles 
from  many  shift  registers. 


282 


DECODERS 


REGISTER 

CONTROL  WINDINGS 
BINARY 

A  A  B  B 

0 

0  10  1 

1 

10  0  1 

2 

0  110 

3 

10  10 

TRANSMIT 
TO  INPUT 
OF  SHIFT 
REGISTER 

BUBBLE 

BUSTER 


2 


ROTATING 

FIELD 


CONTROL  WINDINGS  "l"OR  "o" 

(INHIBIT)  CONTROL 


BUBBLE 

GENERATORS 


Fig.  5.  A  bubble  domain  decoder.  A  set  of  currents  in  n  (e.g.,  2)  lities  select  uniquely  one  out  of  2n  (e.g.,  22  -  4)  shift 

registers  for  the  transmission  of  bubbles. 


V.  A  SIMPLE  YIELD  ANALYSIS 

A  simple  analysis  is  given  below  to  illustrate  the  dependence 
of  chip  yield  ori  defect  density  and  chip  size  (more  precisely, 
functionally  contiguous  area).  The  usefulness  of  redundancy 
in  improving  yield  is  demonstrated  and  the  amenability  of 
various  chip  organizations  to  redundancy  is  discussed.  Let  us 
assume 

PGb(Pbb)  probability  of  a  good  (bad)  bit  at  a  bit  location 

PGA  probability  that  an  area  of  N  functionally  con¬ 

tiguous  bits  is  all  good 

PBA  probability  that  an  area  of  N  functionally  con¬ 

tiguous  bits  contains  one  or  more  bad  bits, 

=  1  -Pga- 

Then 

Pga  =  Pgbn 

1  -PBA  =  (1  -PbbY*  =  1-NPBB,  {orPBB<l 

PBA  -  N Pbb  •  (!) 

The  above  equation  simply  states  that  the  functionally 
contiguous  area  fails  if  any  bit  fails.  Higher  order  terms  which 
correspond  to  multiple  bit  failures  are  negligible  for  PBB  1. 

The  chip  yield  is  dependent  on  how  the  shift  registers  are 
organized  into  an  array  on  the  chip,  if  at  least  N  contiguous 
bits  must  be  good  to  enable  a  chip  to  function,  then  the  chip 
yield  (i.e.,  the  percentage  of  good  ones  in  a  batch  of  chips)  is 

Y=1-NPBB.  (2) 

Note  that  a  chip  may  contain  many  more  bits  than  the  number 
N.  The  bad-bit  probability  (. PBB )  is  related  to  materials  and 
device  characteristics  through 

(3) 


Combining  equations  (2)  and  (3),  we  obtain 

Y  =  1  -N  (defect  density)/(device  density) 
or 

tolerable  defect  density  =  (1  -Y)  (device  density)/]V.  (4) 

Now  let  us  consider  how  the  organization  on  a  chip  in¬ 
fluences  N.  In  the  major-minor  loop  organization,  a  bit  failure 
in  any  minor  loop  is  reflected  in  the  assembled  data  in  the 
major  loop,  and  consequently  at  the  detector.  Thus  the 
functionally  contiguous  area  includes  the  major  loop  arid  all 
the  minor  loops.  In  the  dynamically  ordered  shift  registers, 
the  minimum  functionally  contiguous  area  contains  one  shift 
register.  If  no  other  schemes  are  used  to  economize  inter¬ 
connection  and  circuitry,  the  shift  registers  must  be  very  long 
(hence  large  N).  In  the  self-contained  chip  employing  de¬ 
coder  (s),  with  no  redundancy,  the  failure  in  any  information 
loop  will  not  affect  another  loop  nor  exhibit  the  failure  at  the 
detector.  However,  the  memory  must  keep  a  record  of  the 
defective  loops  and  avoid  using  them.  Alternatively,  spare 
loops  can  be  provided  for  replacing  defective  loops.  For  ex¬ 
ample,  all  decoding  lines  form  current  loops  with  a  spare  shift 
register,  which  are  normally  shorted.  By  selectively  burning 
off  the  shorts,  the  spare  shift  register  can  be  made  to  assume 
the  decoding  current-loop  pattern  identical  to  that  of  a 
defective  shift  register  and  thereby  replacing  the  latter.  Thus, 
when  redundancy  is  employed,  the  functionally  contiguous 
area  for  the  self-contained  chip  with  decoders  is  as  small  as 
one  shift  register  plus  the  common  propagation  path  between 
all  the  shift  registers  and  their  common  detector. 

In  order  for  the  redundancy  scheme  to  be  effective,  the 
signal  travel  time  from  a  shift  register  to  the  sense  amplifier 
must  be  constant.  Thus  schemes  such  as  signal  path  by  bubble 
propagation  must  be  excluded.  The  DOSR,  with  each  shift 
register  a  self-contained  circuit,  is  also  amenable  to  the  re¬ 
dundancy  scheme.  However,  it  appears  more  difficult  to 
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PbB  =  defect  density /device  density  . 


implement  redundancy  with  the  major/minor  loop  scheme 
because  the  major  loop  assembles  data  from  the  shift 
registers  in  a  fixed  order.  We  should  add  that  minimizing 
functionally  contiguous  areas  is  not  the  only  means  of  im¬ 
proving  yield.  Error  detection  and  correction  codes  can  be 
employed  to  detect  and  correct  defects  and  failures  at  the  level 
of  each  shift  register. 

Now  consider  the  implementation  of  a  10s  -bit  chip  with 
106  bit /cm2  device  density.  In  order  to  have  80%  of  the  chips 
usable,  the  tolerable  defect  density  is  (1-0.8)  106/105  =  2 
defects/cm2 .  Although  such  low  defect  density  has  been 
reported,  [18]  it  represents  a  difficult  (even  if  feasible) 
solution  to  improve  chip  yield.  An  alternative  solution  is  to 
divide  a  chip  into  many  functionally  contiguous  areas.  For 
example,  a  bubble  decoder  can  be  used  to  organize  the  105  bits 
into  100  1024-bit  shift  registers  with  their  outputs  linked  by 
a  200-bit  propagation  path  to  a  common  detector.  With  the 
help  of  redundancy,  the  tolerable  defect  density  then  becomes 

(1  -  0.8)  X  106  /  (1024  +  200)  =  163  defects/cm2 . 

This  section  illustrates  that  by  using  redundancy  it  is  the 
functionally  contiguous  area,  rather  than  the  total  chip  area, 
which  determines  the  yield  of  good  chips.  Suitable  organization 
on  a  chip  reduces  the  functionally  contiguous  area  to  improve 
the  chip  yield,  thus  alleviating  considerably  the  stringent  re¬ 
quirement  on  materials. 

VI.  COMPARISON  AND  SYNTHESIS 

The  three  memory  chip  approaches  are  compared  in  terms 
of  circuit,  interconnection,  access  time,  and  latency  time 
(see  Tabled). 

For  selecting  an  address,  counters  are  used  for  major/minor 
loops  (M/m)  and  dynamically  ordered  shift  registers  (DOSR), 
while  bubble  decoders  are  used  for  self-contained  chips  (SCC). 
The  circuit  and  interconnection  counts  are  summarized  in 
Table  I.  On  a  per-chip  basis,  there  is  maximum  sharing  of 
circuits  for  M/m.  Individual  circuits  must  be  provided  for  all 
bits  in  a  word  for  DOSR.  With  the  number  of  shift  registers 
large,  the  decoding  drivers  for  SCC  are  very  economically 
shared  (e.g.,  10  drivers  for  1024  shift  registers). 

The  access  time  ( Ta )  is  defined  as  the  time  delay  between 
the  selection  of  a  word  and  the  appearance  of  the  first  bit  at 
the  detector.  Thus  for  M/m,  the  average  access  time 
Ta  =  p(2T)[2  =  pT  is  determined  by  the  length  of  the  minor 
loop  (p)  and  the  field  rotation  period  T.  Note  that  two  bubble 
periods  along  the  major  loop  are  used  to  accommodate  one 
minor  loop,  as  is  the  current  practice.  For  SCC,  Ta  is 
determined  by  the  size  of  the  decoder  (i.e.,  the  number  of 
shift  registers  served  by  the  decoder)  viz.  (log2  l)  T,  but  is 
independent  of  the  shift  register  length.  It  is  assumed  that  there 
is  no  delay  in  the  link  to  the  common  detector.  The  latency 
time  is  defined  as  the  time  required  to  read  out  an  entire 
word.  It  is  the  time  delay  in  the  major  loop  (pT)  for  M/m  and 
the  time  delay  in  a  storage  loop  (pT)  for  SCC. 

In  essence,  the  M/m  chip  employs  short  minor  loops  to 
reduce  access  time,  the  major  loop  to  reduce  circuits  and 
interconnections  for  a  memory  chip,  and  coincident  selection 


TABLE  1 

A  COMPARISON  OF  THE  THREE  MEMORY  CHIPS 


MAJOR/MINOR 
LOOPS . 

DYNAMIC 

ORDERiNG 

SELF-CONTAINED 

CHIP 

ORGANIZATION 

1  words  with 

p  bits  per 

word 

CIRCUITS  FOR  A  CHIP 

Field  Rotation 

2 

2 

2 
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1 (f -step) 
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Decoding  Driver 

0 

0 
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1  z 

Sense  Amplifier 

1 

P 
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1 
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1 

Clear 

1 

P 

1 

PERFORMANCE 

Access  Time 

Latency  Time 

fT/2 (avg) 

.  PT 

T  (eff) 

(fog  of ) T 
pT 

to  reduce  circuits  and  interconnections  for  a  memory  module. 
The  DOSR  chip  employs  long  shift  registers  to  reduce 
circuits,  and  interconnections  and  dynamic  ordering  to  reduce 
effective  access  time.  The  SCC  chip  employs  short  storage 
loops  to  reduce  latency  time,  and  an  on-chip  decoder  to  re¬ 
duce  access  time,  circuits,  and  interconnections.  When  the 
decoder  control  lines  are  extended  to  many  chips,  the  above 
advantages  are  extended  to  a  memory  module. 

Several  useful  extensions  are  listed  below. 

1)  The  operation  of  the  memory  chips  depends  only  on  the 
propagation  and  switch  capabilities,  not  on  the  specific  means 
of  implementation.  Thus  all  the  chip  configurations  can  be 
implemented  by  Permalloy  patterns  (field  access),  conductor 
patterns  (current  access),  [20]  and  indented  structures,  [19]. 
This  point  has  been  demonstrated  by  the  report  of  a  major/ 
minor  loop  memory  using  current-loop  lateral-displacement 
shift  registers.  [20] 

2)  Each  approach  can  be  configured  into  a  memory 
hierarchy  (also  see  Reference  21). 

3)  The  three  memory  chip  approaches  are  not  mutually 
exclusive.  In  fact,  they  can  be  combined  to  achieve  optimum 
designs  not  possible  with  the  individual  approaches.  Table  II 
suggests  some  possible  combinations. 

In  the  major/minor  loop  memory  array,  dynamic  ordering 
can  be  used  in  the  minor  loops  to  reduce  access  time.  When 
the  major  loop  is  decoupled  from  the  minor  loops  (for 
instance,  by  using  field  access  for  minor  loops  and  conductor 
access  for  the  major  loop),  dynamic  ordering  can  be  used  for 
all  major  loops  on  different  chips.  Minor/intermediate/major 
loop  configurations  can  be  used  as  three-level  memory 
hierarchies,  with  or  without  the  use  of  dynamic  ordering.  The 
three  levels  primarily  perform  the  functions  of  storage, 
assembly,  and  input/output,  respectively,  and  secondarily 
further  reduce  the  circuits  and  interconnections. 

In  a  dynamically  ordered  shift  register  chip,  each  shift 
register  employs  one  set  of  circuits.  However,  when  chips  are 
arranged  into  an  array,  either  transfer  loops  or  on-chip  bubble- 
domain  decoders  can  be  employed  to  select  one  row  of  chips 
at  a  time  for  read  and  write,  using  circuits  attached  to  and 
shared  by  each  column  of  chips.  The  use  of  circuit  sharing 
schemes  makes  dynamic  ordering  useful  even  for  short  shift 
registers,  as  well  as  more  tolerant  of  defects  (see  Section  V). 

In  the  self-contained  memory  chips,  dynamic  ordering  can 
be  used  in  the  storage  loops  to  reduce  the  latency  time,  while 
decoders  are  Used  to  reduce  the  access  time  (same  as  DOSR2 , 
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TABLE  H 


POSSIBLE  COMBINATIONS  OF  THE  THREE  MEMORY  CHIP  APPROACHES  FOR  PERFORMANCE  OPTIMIZATION 
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(DOSR)  1 

X 

X 

X 

For  circuit  sharing 

(DOSR)  2 

X 

X 

For  circuit  sharing 

(SCC)1 

X  X 

Two  or  more  level 
hierarchies  on  same  chip. 

see  Table  II).  Note  that  the  use  of  dynamic  ordering  requires 
the  distribution  of  bits  in  a  word  among  different  shift 
registers,  while  the  usual  SCC  incorporates  all  bits  in  a  word 
in  one  shift  register.  Two  or  more  levels  of  storage  linked 
through  decoders  can  be  implemented  as  a  same-chip  memory 
hierarchy .  The  large-capacity  level  employs  longer  shift  registers 
to  reduce  circuits  and  interconnections,  while  the  low-capacity 
level  uses  short  shift  registers  to  enhance  speed. 


VII.  CONCLUSIONS 

This  paper  briefly  surveyed  three  memory  chip  organiza¬ 
tions.  While  no  attempt  was  made  to  repeat  the  more  detailed 
descriptions  of  these  schemes  as  reported  in  the  literature, 
emphasis  was  placed  on  comparing  their  effectiveness  in 
achieving  memory  performance  objectives. 

1)  Both  major/minor  loops  and  decoders  provide  effective 
means  of  reducing  peripheral  semiconductor  circuits  and 
interconnections.  They  also  reduce  access  and  latency  times  by 
permitting  the  use  of  shorter  registers. 

2)  Bubble  devices  provide  a  hardware  means  of  dynamic 
ordering  of  data,  thus  greatly  reducing  the  effective  access 
time.  DOSR,  shorter  shift  registers,  and  higher  mobility  may 
together  make  bubbles  useful  for  main  memories  (i.e.,  a  few 
to  tens  of  microsecond  access  time). 

3)  Decoders,  together  with  a  constant-delay  path  for  the 
sensing  circuit,  make  the  redundancy  scheme  possible,  thus 
greatly  reducing  “functionally  contiguous  area,”  and  thereby 
improving  chip  yield. 

4)  All  chip  organizations  are  implementable  by  a  variety  of 
devices  —  Permalloy  patterns  (field  access),  conductor  loops, 
indented  structures,  etc. 

5)  The  chip  organizations  as  well  as  the  variety  of  devices 
are  not  mutually  exclusive.  They  can  be  combined  for  design 
flexibility,  performance  optimization,  and  hierarchy  imple¬ 
mentation. 

6)  While  not  surveyed  in  this  paper,  it  should  be  mentioned 
that  a  number  of  physical  phenomena,  device  structures,  and 


operations  are  available  to  enhance  the  functional  capability 

and/or  extend  the  storage  capacity  economically  for  bubble 

domain  memories. 
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Abstract  —  The  choice  and  organization  of  bubble-circuit 
functions  in  the  design  of  a  magnetic  bubble  mass  memory 
chip  are  discussed  with  emphasis  on  factors  such  as  circuit 
function  compatibility  and  performance,  circuit  density,  and 
processing  simplicity.  A  specific  major-minor  organized  chip 
design  is  described  which  uses  rotating  field  driven  propagation, 
$-sign  transfer  gates,  all  T-bar  minor  loops,  a  nucleate  gene¬ 
rator  with  chevron  merging  port,  a  chevron  based  replicator / 
annihilator  and  a  chevron  guard  rail  expander  detector.  The 
overall  operating  characteristics  of  chips  having  20  510  bits  of 
storage  capacity  have  been  measured  and  a  bias  field  margin  of 
12  Oe  is  typically  obtained  with  a  25  Oe,  100  kHz  rotating 
field. 


INTRODUCTION 

This  paper  discusses  the  choice  and  organization  of  bubble 
circuit  functions  in  the  design  of  a  magnetic  bubble  mass 
memory.  Specific  factors,  such  as  circuit  function  compati¬ 
bility,  performance,  density  and  processing  compatibility 
were  considered  in  the  design  of  the  mass  memory  chip. 

The  choice  of  bubble  circuit  functions  can  be  traced  from 
the  circuits  available  for  simple  shift  register  operation  using 
both  conductor^  and  Permalloy! >2  type  circuits.  We  have 
chosen  the  latter  type  primarily  because  of  its  compatibility 
with  the  more  attractive  forms  of  detection^  and  because  it 
appeared  to  us  to  have  a  better  economic  potential.  Mass 
memory  chip  design  may,  however,  also  be  based  on  conductor 
propagate  circuits.^  The  performance  of  a  mass  memory  chip 
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may  be  considerably  improved  over  the  simple  shift  register 
by  the  use  of  major/minor  loop  organization^  or  on-the-chip 
decoding.^  The  former  organization  was  chosen  primarily 
because  of  the  availability  of  the  necessary  control  function 
required,  namely,  transfer. 

CHIP  DESIGN 

Characterization  of  the  S-sign  transfer  gate  is  reported  in 
a  companion  paper. 7  This  circuit  element  meets  all  the 
requirements  for  use  in  a  mass  memory  chip.  To  achieve 
both  large  output  signals  and  processing  simplicity  a  chevron 
expander  detector8>9  appears  to  be  the  best  choice.  Conse¬ 
quently,  a  hybrid  design  was  chosen  using  both  T-bar  type 
propagate  elements  as  required  in  the  $-sign  transfer  gate,  and 
chevron  type  propagate  elements  as  required  by  the  expander 
detector.  For  a  bubble  generator  the  choice  lies  between  the 
disk  generatorlO  and  the  field  nucleate  generator.!!  Our 
earlier  designs  utilized  the  former  type,  but  the  nucleate 
generator  was  finally  chosen  because  its  use  eliminated  the 
need  for  initialization,  and  because  of  its  extremely  wide 
phasing  tolerances.  Early  designs  used  detectors  in  the  major 
loop,  but  finally  the  guard  rail  detector^  with  its  replicator 
arrangement^  was  chosen  as  this  arrangement  provides  high 
output  signals  without  the  detector  using  up  an  undue  amount 
of  chip  area. 

Features  of  the  chip  design  that  have  emerged  from  these 
considerations  are  demonstrated  in  Fig.  1.  There  are  70 
minor  loops,  each  with  293  bit  positions,  giving  a  chip  storage 
capacity  of  20  510  bits.  The  complete  read/write  cycle  takes 
586  steps,  i.e.,  twice  around  the  minor  loops,  or  5.86  ms  when 
propagating  at  100  kHz.  The  minor  loops  are  all  T-bar.  One 
corner  of  each  minor  loop  is  determined  by  the  design  of  the 
transfer  gates  which  are  used  to  transfer  bubbles  from  the 
major  loop  to  the  minor  loops  and  vice  versa;  the  other 
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Fig.  1.  The  20  kbit  memory  chip  conductors  are  shown  in  a  lighter 

shade  than  Permalloy.  Arrows  indicate  the  direction  of  positive 

current  flow  in  the  conductors. 

utlizes  the  same  basic  features.  The  major  loop  uses  90° 
corners,  which  again  utilize  the  relevant  features  of  the  180° 
transfer  gate  corner  design.  One  side  of  the  major  loop  is 
occupied  by  the  transfer  gates;  on  the  other  side  chevron 
propagate  elements  are  used.  Special  features  are  used  in  the 
transition  from  T-bars  to  chevrons  and  vice  versa,  as  shown. 
The  chevron  section  of  the  major  loop  accommodates  two 
circuit  elements,  the  replicator,  which  is  also  used  as  an  an- 
nihilator,9  and  the  generator  merging  port.  Replicas  of  bubbles 
propagating  in  the  major  loop  are  generated  by  stretching  and 
subsequently  cutting  each  bubble  using  a  bipolar  current 
pulse,  and  they  are  propagated  into  the  guardrail  expander 
detector.  The  detector  is  all  Permalloy, 9  including  the  detector 
connection  pads  (the  7th  and  8th  pads  from  the  left).  The 
other  pads  are  nonmagnetic  conductors. 

The  transfer  gates  are  placed  at  2  periods  of  separation 
from  one  another  along  the  major  loop.  Consequently,  if  the 
transfer  conductor  is  pulsed  once  so  as  to  transfer  information 
from  the  minor  loops  to  the  major  loop,  the  major  loop  will 
have  information  bits  on  every  second  period  only.  If  the  full 
output  data  rate  is  desired,  then  it  *is  just  as  easy  to  effect 
transfer  on  the  next  cycle,  not  on  the  same  chip,  but  on 
another  chip  whose  detector  is  connected  into  the  same 
bridge.  This  fridge  level  interleaving  makes  it  unnecessary  for 
bubbles  on  adjacent  cycles  to  be  stretched  for  detection,  and 
thereby  ensures  that  the  output  window  is  not  information 
sensitive. 

The  senses  of  drive  field  rotation  and  generate,  replicate 
and  transfer  currents  are  also  indicated  in  Fig.  1.  The  drive 
field  rotation  is  counterclockwise  and  so  is  the  sense  of 
propagation  in  all  loops.  It  is  assumed  that  the  bubbles  are 
attracted  by  positive  poles  in  the  Permalloy,  and  that  the 
garnet  is  under  the  circuit.  Consequently,  the  bias  field  must 
be  directed  upward.  The  generate  and  the  replicate  stretch 
current  pulses  must  generate  fields  directed  downward  inside 
their  respective  conductor  loops,  whereas  the  replicate  cut  and 
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Fig.  2.  Nominal  operating  current  amplitudes  and  timing. 


annihilate  pulses,  which  are  considered  to  correspond  to 
negative  currents,  generate  fields  directed  upward  inside  the 
loop.  Nominal  current  pulse  amplitudes  and  timings  which  give 
the  best  overall  performance  are  shown  in  Fig.  2,  correspond¬ 
ing  to  the  reference  0°  phase  indicated  in  Fig.  1,  which  was 
chosen  for  convenience  in  this  presentation  only. 

Special  attention  has  been  given  to  the  chip  edge  regions. 
Extra  (dummy)  minor  loops  were  placed  next  to  the  first  and 
last  proper  minor  loops  to  provide  the  same  magnetic  environ¬ 
ment  as  for  the  rest  of  the  minor  loops.  Similarly,  extra 
propagate  channels  were  placed  next  to  the  nontransfer 
corners  of  the  minor  loops  and  along  sections  of  the  major 
loop.  The  whole  structure  was  surrounded  by  a  continuous 
set  of  short  sections  of  outwardly  propagating  tracks.  The 
total  of  these  tracks  acts  as  a  guard  rail  preventing  any 
spurious  bubbles  from  entering  the  circuits  proper.  We  have 
not  examined  rigorously  to  what  extent  all  these  precautions 
are  really  necessary,  but  we  do  know  that  the  presence  of  the 
guard  rail  improves  the  bias  margins  at  the  low  bias  field  end 
quite  significantly. 

The  circuit  period  in  the  major  loop  is  28.8  jJim.  The 
period  was  reduced,  however,  in  the  minor  loops  of  Fig.  1  to 
25.2  jum  by  reducing  the  vertical  lengths  of  all  but  the  dis¬ 
torted  corner  T’s  (or  rather  H’s  formed  by  back  to  back  T’s) 
with  no  loss  of  operating  margins.  The  overall  circuit  area  from 
corner  mark  to  corner  mark  is  5.2  mm  by  4.5  mm,  correspond¬ 
ing  to  160%  of  the  storage  area.  The  choice  of  this  size  was 
made  in  an  attempt  to  realize  low  interconnection  and  de¬ 
tector  electronics  costs  pef  bit  and  is  justified  by  our  prelimi¬ 
nary  estimate  that  the  probable  processing  defect  density  can 
be  held  ^5  defects/cm2. 

The  transfer  gate,  the  generator  and  the  replicator/annihi- 
lator  are  all  devices  in  which  magnetic  fields  generated  by 
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localized  electric  currents  interact  with  Permalloy  propagate 
elements.  In  all  cases  simple  magnetostatic  considerations 
make  it  clear  that  the  desired  effect  of  the  currents  will  be 
enhanced  by  the  Permalloy  only  if  the  conductors  are  in 
between  the  Permalloy  and  the  garnet  medium,  and  thereby 
the  Permalloy  elements  enhance  the  fields  due  to  currents 
which  are  in  the  conductors  and  acting  on  the  bubbles. 
Alternatively,  if  the  conductors  are  placed  on  the  other  side 
of  the  Permalloy,  then  the  Permalloy  elements  actually 
shield  the  fields  due  to  currents,  and  the  devices  work,  if  at  all, 
in  spite  of  the  Permalloy.  The  $-sign  transfer  has  been  shown 
to  be  particularly  sensitive  to  the  order  of  conductors  and 
Permalloy. ^  The  appropriate  processing  procedure,  therefore, 
consists  of  developing  the  conductor’s  features  first  on  the  epi 
garnet  and  developing  Permalloy  features  on  topi 2-  using  a 
total  of  two  mask  levels. 


ROTATING  FIELD  (OERSTEDS) 

Fig.  3.  Operating  margins  (solid  curve)  and  output  windows  (dashed 

lines.) 


CHIP  PERFORMANCE 

The  overall  100  kHz  operating  margins  of  a  chip,  repre¬ 
sentative  of  those  that  have  been  fabricated,  are  shown  in 
Fig.  3.  The  magnetic  garnet  film  used  was  of  nominal 
composition  Sm0.s Y2.5Ga1.2Fe3.sO1 2  and  it  was  7.4  /im 
thick.  The  measured  saturation  magnetization  was  192 

and  the  bubble  collapse  field  was  114.5  Oe.  The  observed 
demagnetized  stripe  width  was  6.7  jLtm.  The  data  were  taken 
using  the  circuit  of  Fig.  1  and  the  current  pulses  of  Fig.  2.  The 
program  used  in  this  particular  test  for  convenience  consisted 
of  generating,  propagating  in  the  major  loop,  transferring 
into  the  minor  loops,  propagating  around  the  minor  loops 
once,  transferring  back  into  the  major  loop,  propagating  to  the 
replicator,  replicating  and  detecting,  propagating  around  the 
major  loop  once  more  and  annihilating.  Figure  3  also  shows 
the  output  window  as  a  function  of  drive  and  bias  fields. 
Figure  4a  shows  the  output  wave  shapes  of  a  single  detector, 
“0”  and  “1”  outputs  and  a  reference  sinusoid  which  indicates 
the  rotating  field  phase.  Figure  4b  shows  output  of  a  bridge 
with  two  near-identical  detectors  on  separate  chips  balanced 
against  one  another.  The  detector  bias  current  was  5  mA  per 
detector. 

More  detailed  information  on  the  performance  of  the 
various  individual  devices  that  make  up  the  chip  can  be  found 
in  References  7-11.  In  particular,  tolerances  about  the  timing 
shown  in  Fig.  2  are  very  generous,  so  that  this  particular 
timing  need  not  be  followed  exactly.  Information  on  process¬ 
ing  is  given  in  References  12  and  13.  The  fully  operational 
chips  have  not  been  temperature  cycled  to  date,  but  prelimi¬ 
nary  data,  14  although  taken  on  a  differnet  garnet  material, 
indicate  the  feasibility  of  sufficient  temperature  insensitivity 
for  operation  over  a  temperature  range  of  0°  to  100°  C. 
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Fig.  4.  Output  wave  shape  corresponding  to  (a)  a  single  detector, 
and  (b)  two  detectors  balanced  in  a  bridge  arrangement  (input 
current  10  mA,  5  mA  per  detector). 


major  loop,  and  a  guard  rail  detector.  Operational  data  on 
chips  manufactured  according  to  this  design  appear  to  justify 
the  choices  made.  We  conclude  that  this  chip  is  adequate  to 
provide  the  basis  of  a  magnetic  bubble  mass  memory.  The 
design  and  characterization  of  a  memory  module  utilizing  this 
chip  is  reported  separately.  15 


CONCLUSIONS 

A  sequence  of  choices  have  been  outlined,  some  very 
obvious,  some  educated  guesses;  these  have  led  to  the  presently 
chosen  chip  design.  This  design  stores  20  510  bits  in  70  all 
T-bar  minor  loops,  uses  a  nucleate  generator  feeding  into  the 
major  loop  via  a  chevron  merging  port,  S-sign  transfer  gates,  a 
replicator/annihilator  working  on  the  chevron  section  of  the 
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Magnetic  Bubble  Mass  Memory  —  Module 
Design  and  Operation 

PAUL  C.  MICHAELIS  AND  PETER  I.  BONYHARD 


Abstract—  An  experimental  magnetic  bubble  mass  memory 
design  is  reported.  The  goal  of  this  project  has  been  to  examine 
the  technical  feasibility  of  organizing  a  multiplicity  of  chips 
into  a  modular  design  and  to  learn  some  of  the  problems.  The 
module  consists  of  four  ceramic  substrates,  each  of  which  can 
mount  from  1  to  14  chips  of  up  to  20  kbit  capacity.  1  to  4  of 
these  populated  substrates  can  be  placed  into  a  common  drive 
coil-bias  field  magnet  assembly. 

The  module  organization  and  timing  is  described  and  data 
obtained  from  the  operation  of  20  kbit  chips  at  112  kHz 
rotating  field  is  given. 

INTRODUCTION 

A  magnetic  bubble  mass  memory  has  been  constructed  and 
operated  under  partially  populated  conditions.  This  design  has 
been  made  versatile  in  order  to  accommodate  a  range  of  chip 
bit  capacities  without  alteration  of  the  components.  The  details 
of  assembly  and  operation  such  as  bonding,  welding,  assembly 
of  parts,  control  functions,  and  detection  have  been  evaluated 
using  memory  chips  of  10  and  20  kbit  capacities.  However, 
only  data  from  20  kbit  chips!  is  presented. 

Manuscript  received  March  21,  1973:  revised  May  21,  1973.  Paper 
21.8,  presented  at  the  1973  INTERMAG  Conference,  Washington,  D.C., 
April  24-27. 
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PLANE  LAYOUT 

One  important  decision  required  to  initiate  a  module  design 
is  the  number  of  chips  to  be  mounted  on  a  plane.  There  are 
several  considerations  that  must  be  weighed  before  this  decision 
is  made,  e.g.,  the  number  of  chips  one  is  willing  to  dedicate  to 
any  single  assembly  process,  the  degree  of  drive  field  homo¬ 
geneity  required,  the  amount  of  active  drive  field  volume  re¬ 
quired  by  the  assembly  structure,  and  the  number  of  electrical 
connections  and  the  manner  of  bringing  them  to  the  module 
exterior.  All  of  these  considerations  are  related  and  tradeoffs 
are  required. 

Our  design  philosophy  has  been  to  use  tight  mechanical 
tolerances  in  order  to  ensure  a  successful  design,  particularly 
whenever  such  tolerances  may  be  easily  obtained  in  a  well 
understood  technology.  Some  of  these  may  then  be  relaxed  in 
a  final  design. 

In  order  to  achieve  an  adequate  degree  of  field  homogeneity 
(chosen  nominally  as  1%  deviation  in-plane  and  1%  component 
normal  to  plane)  the  drive  coils  must  be  larger  than  the  volume 
occupied  by  the  chips.  For  a  pancake-like  coil  structure  the 
enlargement  factor  is  primarily  determined  by  the  coil  height. 
Ideally,  a  single  plane  with  all  the  chips  would  be  specified. 
Unfortunately,  other  considerations  such  as  yield  and  the 
amount  of  uniform  field  volume  occupied  by  leads  make  this 
choice  unattractive.  If  only  a  modest  number  of  chips  are 
placed  on  a  plane,  then  it  becomes  attractive  to  organize  the 
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chips  in  two  adjacent  columns  as  indicated  in  Fig.  1.  This 
arrangement  places  all  pads  and  leads  near  the  edges  of  the 
plane  thereby  locating  the  bubble  propagation  circuits  in  the 
plane  center  and  the  leads  in  the  less  uniform  field  regions  on 
the  plane  periphery  . 

The  overall  dimension  of  the  largest  garnet  chip!  used  for 
this  design  are  5.6  mm  X  4.9  mm  X  0.44  mm.  All  ten  electrical 
connection  pads  are  located  along  one  of  the  4.9  mm  edges. 
The  connection  pads  are  0.16  mm  X  0.32  mm  on  0.32  mm 
centers.  The  pad  connections,  as  observed  with  the  chip  con¬ 
nection  edge  closest  from  left  to  right,  are  1)  transfer,  2)  anni- 
hilator,  3)  detector,  4)  detector,  5)  generator,  6)  generator, 
7)  not  used,  8)  not  used,  9)  annihilator,  and  10)  transfer.  Plac¬ 
ing  the  lead  pads  along  one  edge  and  nesting  the  detector  and 
generator  leads  inside  the  transfer  and  annihilator  leads! 
permits  connections  to  be  made  to  any  number  of  identically 
orientjed  chips  in  a  line  without  requiring  crossovers  inside  the 
module. 

THE  LEAD  TRACKS 

The  simplicity  and  flexibility  of  the  design  reported  here  is 
due  primarily  to  the  manner  in  which  the  chip  connection  pads 
are  connected  to  the  electronic  circuits  outside  the  module. 
The  chips,  arranged  as  indicated  in  Fig.  1,  have  two  columns  of 
pads  along  the  long  sides  of  the  rectangle  formed  by  the  chips. 
The  lead  tracks  are  photoetched  circuits  of  copper-clad  Kapton. 
This  arrangement  has  the  advantage  that,  while  the  lead  track 
may  be  bonded  to  the  substrate  for  rigidity,  the  other  end  of 
the  lead  track  remains  flexible  and  permits  easy  assembly  with 
the  drive  coils.  Furthermore,  the  outside  end  of  the  lead  track 
can  be  readily  made  to  have  whatever  fan-out  and  pad  config¬ 
uration  is  the  most  suitable  for  connection  to  the  auxiliary 
electronics.  The  design,  as  described  here,  may  have  the 
internal  bonds  made  by  stitch  bonding  or  by  thermal  com¬ 
pression  bonding.  This  is  advantageous,  as  in  the  early  stages 
of  module  building  the  former  method  is  more  readily  avail¬ 
able,  whereas  in  final  mass  production  the  latter  may  be  more 
attractive. 

Each  chip  has  10  pads  as  discussed  in  the  preceding  section. 
Of  these  one  pair  of  pads  may  be  connected  to  a  dummy  detec¬ 
tor  which  can  be  provided  for  added  flexibility  in  testing  and 
interconnection,  but  is  not  used  in  the  interconnection  scheme 
discussed  here.  The  remaining  8  pads  are  connected  by  the  lead 
track  as  follows. 

a)  All  detector  and  generator  lead  pairs  are  brought  outside 
the  module  individually,  the  former  for  best  balancing  and 
noise  immunity  and  the  latter  to  eliminate  crossovers. 

b)  Transfer  and  annihilator  leads  are  common  in  each 
column  of  7  chips  and  run  in  series  from  chip  to  chip  in  order 
to  reduce  the  total  number  of  leads.  Thus  there  is  a  total  of  32 
leads  (7X4  detector  and  generator  +  4  transfer  and  annihilator) 
per  lead  track. 

THE  PLANE  SUBSTRATES  AND  THE  MODULE* 

The  substrate  is  a  25  mm  by  50  mm  rectangular  piece  of 
0.50  mm  thick  ADS-960  alumina  obtained  from  Coors  Porce¬ 
lain  Co.  Figure  2  shows  the  ceramic  portion  of  the  module. 


The  substrates  are  slid  drawer-like  into  two  slotted  ceramic 
rails.  The  chips  are  protected  from  damage  by  a  substrate  on 
the  lower  part  and  a  cover  plate  on  the  upper. 

With  this  type  of  construction  4  planes  per  module  appears 
to  be  a  reasonable  choice.  Fewer  planes  would  result  in  the 
coil  and  assembly  costs  being  distributed  between  too  few 
bits.  More  planes  would  make  the  structure  taller,  which  in 
turn  would  require  larger  coils  and  driver  power  for  the  re¬ 
quired  drive  field  homogeneity. 

Requirements  on  chip  alignment  relative  to  the  drive  coils 
are  primarily  determined  by  the  angular  width  and  position  of 
the  detector  output  relative  to  the  rotating  drive  field  vector. 
A  typical  detector  output  signal  has  a  half  amplitude  width 
approximately  equal  to  40°  of  field  rotation.  Assembly  toler¬ 
ances  on  the  ceramic  components  and  coil  can  result  in  a  ±0.2° 
misalignment.  After  circuit  processing,  a  chip  is  diced  with  a 
kerf  allowance  of  100/zm  which  makes  the  maximum  chip  edge 
to  circuit  misalignment  0.6  .  The  actual  alignment  of  the  chip 
relative  to  the  substrate  edge  is  done  using  a  mechanical  mask. 
Using  this  technique  the  resulting  misalignment  should  be  less 
than  1°. 

The  actual  bonding  of  chips  to  the  substrate  and,  subse¬ 
quently,  substrates  to  the  rails  can  be  done  using  suitable  low 
temperature  solder  located  on  the  back  surface  of  the  chip  and 
on  the  chip  bonding  area  of  the  substrate.  These  are  sweated 
together  after  alignment.  Another  method  is  to  use  temperature 
or  chemically  degradable  epoxies  as  the  bonding  agents.  The 
purpose  of  a  semipermanent  bond  is  to  permit  repairs  at  the 
substrate  level  during  initial  manufacture.  Later  this  feature 
may  become  unnecessary. 

The  detector  leads  must  remain  accurately  fixed  relative  to 
the  drive  coils  once  the  module  assembly  is  complete  in  order 
to  eliminate  changes  in  the  coherent  noise  signals  induced  in 
the  detector  circuits.  This  is  accomplished  by  bonding  a  simple 
ceramic  crosspiece  to  the  substrate  and  lead  track  assembly. 
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ASSEMBLY 

Assembly  of  the  completed  substrates  into  a  module  is 
quite  straightforward.  First  an  inner  drive  coil  is  slid  over  a 
temporary  assembly  consisting  of  two  blank  ceramic  substrates 
located  in  the  outer  slots  of  two  rails.  After  the  coil  is  properly 
located  with  respect  to  the  rails,  one  of  the  blanks  is  withdrawn 
as  a  completed  substrate  is  inserted,  chip  side  inward,  into  the 
same  slots.  The  remaining  three  completed  substrates  are  slid 
into  the  rails  with  the  same  orientation  as  the  first.  The  other 
blank  substrate  remains  in  place  as  a  cover.  Once  this  portion 
of  the  assembly  is  complete,  the  outer  drive  coil  is  slid  onto  the 
assembly  orthogonal  to  the  inner  coil  with  silicon  heat  sink 
compound  at  the  interface. 

The  final  assembly  (Fig.  3)  with  the  magnet  is  accomplished 
by  loosening  the  magnet  assembly  screws  and  sliding  the  sub- 
assembly  into  the  magnet  once  again  using  heat  sink  com¬ 
pound  at  the  outer  coil-magnet  interface. 

MODULE  ORGANIZATION  AND  TIMING 

The  module  design  outlined  so  far  has  the  feature  of  con¬ 
necting  in  series  all  the  transfer  leads  of  a  column  of  chips  on 
the  same  plane.  Clearly,  no  more  than  one  chip  out  of  such  a 
group  of  chips  may  be  connected  into  any  one  detector  bridge. 
Furthermore,  chips  in  any  column  operate  180  out  of  phase 
with  respect  to  the  chips  of  the  other  column  on  the  same 
plane.  In  order  to  work  with  a  single  strobe  timing  in  any  one 
detector  circuit,  only  chips  operating  in  the  same  phase  should 
be  connected  to  the  same  detector  bridge.  Consequently,  a 
maximum  of  4  detectors  from  a  module  may  appear  in  the 
same  bridge,  selected  via  transfer  leads,  and  the  only  other 
practical  number  of  detectors  in  the  same  module  and  same 
bridge  is  2.  Of  these  alternatives  the  latter  corresponds  to 
storing  complete  words  in  a  module  which,  it  can  be  argued 
for  the  following  reasons,  is  the  preferred  organization  for 
modules  in  the  bubble  memory;  1)  faults  are  easier  to  diagnose, 
2)  the  memory  is  growable  in  single  module  units,  and  3)  there 
is  a  possibility  for  savings  in  drive  power  in  high  “locality  of 
reference”  applications  where  only  one  module  at  a  time  needs 
to  be  powered. 

If  the  module  is  designed  to  store  some  number  of  com¬ 
plete  words,  then  the  number  of  chips  per  module  should  be 
equal  to,  or  slightly  larger  than,  an  integer  multiple  of  the 
number  of  bits  per  word.  A  word  size  of  26  bits  has  been 
dictated  by  system  requirements.  Thus,  using  only  a  modest 
number  of  chips  per  plane  in  two  columns  of  chips,  the  only 
reasonable  choice  that  is  compatible  with  the  word  size  stated 
is  7  chips  per  column,  14  chips  per  plane. 

On  readout  the  module  provides  two  halfwords  per  rotating 
field  cycle  with  180  phase  separation  between  halves.  In  the 
operation  of  the  major/minor  loop  organized  chipl  detection 
of  information  takes  place  on  alternate  rotating  field  cycles 
only.  The  lead  organization  scheme  for  a  word  slice  organized 
module  with  alternate  cycle  detection  is  as  follows.  The  trans¬ 
fer  leads  of  alternate  planes  and  similar  columns  are  common. 
The  annihilator  leads  are  common  for  all  four  similar  columns. 
Independent  generator  and  detector  connections  are  available 
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Fig.  3.  Complete  module;  1.5  Mbit  capacity. 
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for  each  chip.  There  are  several  ways  to  decrease  the  number  of 
generator  drivers  in  a  memory;  these  will  not  be  enumerated 
here.  The  detectors  are  connected  in  a  manner  such  that  detec¬ 
tors  on  adjacent  planes  in  similar  column  positions  are  located 
in  adjacent  detector  bridge  arms.  The  detector  bridges  can 
either  be  completed  with  load  resistors  or  with  detectors  from 
another  module. 

An  example  of  a  module  timing  diagram  is  shown  in  Fig.  4. 
The  scale  conventions  used  are  that  the  angular  position  of  the 
rotating  field  relative  to  chip  positions  is  shown  in  degrees 
read  counterclockwise.  The  radial  scale  (numeral  shown  adja¬ 
cent  to  control  functions)  is  the  number  of  rotating  field 
cycles  referenced  from  the  page  to  be  transferred  (N).  The 
module  functions  for  even  number  chips  are  shown  as  solid 
lines  and  those  for  the  odd  ones  as  dashed  lines.  Transfer 
“out”  means  out  of  the  storage  loops.  The  chip  circuit  used 
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(a)  (b)  (C) 

Fig.  5.  Experimental  plane  and  output  waveforms. 


in  this  example  is  the  same  as  in  Ref.  1.  The  phase  and  ampli¬ 
tude  tolerances  for  the  20  kbit  chip  control  functions  reported 
in  Ref.  1  (Fig.  2)  are  broad  enough  to  permit  discrete  manip¬ 
ulation  of  these  functions  and  thereby  aid  in  simplifying  the 
module  drive  electronics.  The  reference  direction  for  the  timing 
diagram  is  the  rotating  field  on/off  direction  and  holding  field 
direction  if  this  feature  is  utilized. 

A  module  cycle  for  odd  numbered  chips  (functions  on  even 
numbered  chips  occur  180°  later)  can  be  described  in  the 
following  manner.  The  decision  to  transfer  out  page  (N)  is 
made  prior  to  field  reference  0°;  when  the  field  rotates  to  130° 
a  transfer  out  pulse  of  70  duration  is  applied  to  the  odd 
number  transfer  conductor.  The  next  control  function  occurs 
during  cycle  60  when  a  stretch  pulse  followed  either  by  an 
annihilate  pulse  10°  later  or  by  replicate  pulse  180°  later  can 
be  used  on  the  annihilate/replicate  conductor.  These  pulse 
sets  correspond  to  annihilation  or  read  operations  and  occur 
on  alternate  cycles  from  60  to  198.  Generation  pulses  can  occur 
from  103  through  241  on  alternate  cycles.  The  detector  can  be 
strobed  on  alternate  cycles  from  cycle  81  through  219.  By  the 
proper  choice  of  detector  strobe  timing,  noise  transients  in¬ 
duced  by  stretch  and  replicate  current  pulses  may  be  avoided. 
The  page  (N)  is  transferred  back  into  the  storage  loops  during 
cycle  292.  If  a  field  stopped  operating  mode  is  used  the  field 
will  continue  for  (293 -N)  cycles  before  stopping;  the  total 
field  cycles  for  a  read  or  write  operation  and  any  page  location 
is  586. 

Another  mode  of  operation  is  available  which  increases  the 
average  page  rate.  This  mode  has  two  transfer-out  pulses  146 
cycles  apart  thus  placing  page  (N)  and  page  (N+146)  in  the 
main  loop  at  the  same  time.  For  page  organized  information 
this  method  doubles  the  information  rate. 

By  noting  the  relative  timing  positions  of  various  control 
functions  some  simplifications  of  the  control  circuitry  can  be 
proposed.  Eight  timing  pulses  can  be  made  to  suffice  for  an 
entire  module  by  taking  advantage  of  timing  tolerance  overlaps 
of  the  odd  and  even  chips.  The  transfer  in  and  out  pulses  driv¬ 
ing  common  chips  can  be  supplied  by  the  same  driver  by  hav¬ 
ing  a  70  ±5  pulsewidth.  The  replicator-annihilator  utilizes  a 
bipolar  pulse  with  variable  timing  between  positive  and  nega¬ 
tive  pulses  to  accomplish  the  replicate  or  annihilate  functions. 
The  generator  timing  pulse  can  be  shared  with  the  replicator- 
annihilator  stretch  pulse.  The  annihilator  cut  pulses  will  re¬ 
quire  separate  timing.  Detector  strobes  can  be  set  at  several 
positions  during  an  output  cycle.  However,  the  0°  and  180° 
positions  are  free  of  noise  transients  from  the  replicate  pulses 
which  are  the  only  noise  generating  functions  present  during  a 
read  cycle. 


DETECTION  SYSTEM 

The  detector  and  detector  lead  organization  used  for  this 
modular  array  of  epi  chips  has  permitted  a  simple  arrangement 
of  the  detector  electronics.  There  is  no  significant  advantage, 
and  perhaps  some  detrimental  effects,  in  the  concept  of  includ¬ 
ing  at  least  a  preamplifier  within  the  rotating  field  environment. 
The  parallel  detector  lead  arrangement  with  the  bridge  formed 
at  the  external  detection  electronics  has  a  measured  common- 
mode-rejection  ratio  of  40  dB  and  a  residual  dp/dt  pickup  in 
the  range  of  20  to  50  juV.  The  2c o  detector  output  cancellation 
depends  on  the  magnetoresistive  match  between  bridge  arms 
which  is  usually  3%  or  better.  The  bridge  output  is  sensed  by  a 
commercially  available  Motorola  sense  amplifier  MC1544L/ 
1444L  originally  designed  for  plated  wire  memories.  This  IC 
has  four  logically  selectable  differential  inputs.  Therefore,  by 
connecting  the  bridge  input  with  opposite  signal  senses  to  two 
of  these  IC  inputs  adjacent  bridge  arm  signals  can  be  observed 
without  inverting  the  bridge  current  sense.  Coherent  noise  or 
noises  with  lower  frequencies  than  the  rotating  field  can  be 
effectively  minimized  by  operating  the  IC  in  a  clamp  and  strobe 
mode. 

PROTOTYPE  MODULES 

Several  partially  populated  modules  have  been  assembled 
and  operated  to  date.  The  original  module  reported  here  con¬ 
tained  two  epitaxial  chips  with  early  design  20  kbit  circuits 
deposited  on  them.  Both  chips  were  located  on  a  single  sub¬ 
strate  in  a  manner  similar  to  that  shown  in  Fig.  5a.  The  detec¬ 
tors  were  connected  externally  in  bridge  fashion  using  resistors 
to  provide  the  two  additional  bridge  arms.  -The  superimposed 
“1”,  “0”  bridge  output  as  observed  with  a  50  MHz  bandwidth 
amplifier  is  shown  in  Fig.  5b.  The  coherent  rotating  field  noise 
induced  in  this  chip  and  lead  track  configuration  was  25  jUV 
which  is  substantially  below  the  2  mV  signal  level.  The  IC 
sense  amplifier  described  earlier  was  used  as  the  bubble  output 
detector.  The  logic  level  signal  output,  after  the  output  width 
was  increased  by  a  “one  shot”,  is  shown  in  Fig.  5c.  The  input 
signal  from  the  bridge  was  intentionally  distorted  by  a  coupling 
capacitor  to  demonstrate  some  of  the  dynamic  capabilities  of 
this  detection  arrangement. 

The  chip  was  cycled  through  various  operational  tests  after 
nominalizing  the  current  amplitude,  duration  and  timing  for 
each  function.  The  exercised  chip  had  all  functions  operable 
over  an  11.2  Oe  bias  margin  range  with  63  to  70  storage  loops 
operable  as  determined  by  short  term,  single  page  (70  bit) 
112  kHz  testing.  A  single  page  of  63  bits  was  written  and  stored 
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for  a  continuous  586  step  transfer-read-transfer-circulate  cycle 
of  16  hours  duration  without  information  loss.  This  period 
corresponds  to  1. IX 107  read  operations  and  6. 5X 109  rotat¬ 
ing  field  cycles. 

Since  the  original  test  additional  20  kbit  chips  have  been 
operated.  Several  10 10  read  tests  using  a  chip  with  69  of  70 
storage  loops  operable  have  been  successfully  completed  with¬ 
out  bubble  loss  or  read  error.  These  tests,  which  utilized  all 
293  page  locations,  corresponded  to  8X10 10  rotating  field 
cycles  and  1.6X1015  bubble-cycles,  a  bubble-cycle  being  de¬ 
fined  as  one  bubble  moving  one  propagation  period.  The  read 
test  was  terminated  because  the  next  order  of  magnitude  reads 
required  11  weeks  of  cycling. 


THERMAL  MEASUREMENTS 

One  of  the  prototype  modules  was  operated  with  a‘ copper- 
constant  thermocouple  bonded  to  a  substrate.  After  4  hours  of 
operation  with  3.0  W  coil  power  the  substrate  temperature 
was  6  C  above  ambient  air  temperature.  This  low  temperature 
rise  was  obtained  by  attaching  the  module  to  a  12*Xl2,f  alumi¬ 
num  plate.  When  the  module  was  operated  with  thermal  isola¬ 
tion  from  the  plate  the  substrate  temperature  rose  to  16°C 
above  ambient.  The  14  operating  epi-chips  contribute  power 
to  the  substrate.  This  power  was  conservatively  estimated  to  be 
200  mW  and  was  coupled  into  the  substrate  using  resistors. 
The  substrate  temperature  increased  3.5°C.  The  temperature 
rises  can  be  summarized  as  follows:  1)  worst  case,  the  tempera¬ 
ture  rise  is  19.5°C  without  an  external  heat  sink;  2)  optimum 
case,  the  temperature  rise  is  9.5°C  with  an  external  heat  sink. 


CONCLUSION 

A  magnetic  bubble  memory  plane  and  module  design  has 
been  described.  All  pieces  of  hardware  called  for  by  this  de¬ 
sign  have  been  produced.  Prototypes  built  along  the  lines  of 
design  suggested  here  have  not  uncovered  any  major  problems. 
The  detector  noise  conditions  created  by  this  design  have  not 
caused  any  apparent  problems;  indeed,  some  simplification  of 
the  detection  schemes  appears  possible.  A  commercially  avail¬ 
able  IC  sense  amplifier  has  performed  satisfactorily  during  20 
kbit  detector  output  tests.  Module  mounted  20  kbit  chips  have 
been  successfully  read  cycled  in  excess  of  1.4X108  times  with¬ 
out  errors,  corresponding  to  an  information  error  rate  of  less 
than  10-10  per  read.  The  thermal  dissipation  of  the  module 
when  connected  to  a  reasonably  sized  heat  sink  is  adequate,  a 
9.5°C  rise  above  ambient  has  been  measured. 
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BUBBLE  MEMORY  STATUS  AND  TRENDS  IN 
U.S.  GOVERNMENT  DATA  STORAGE  APPLICATIONS 

William  C.  Mavity 

North  American  Rockwell  Electronics  Group 
3370  Miraloma  Avenue,  Anaheim,  CA  92803 


ABSTRACT 

The  usage  of  bubble  memories  in  the  various  data  storage  missions 
of  the  sponsoring  agencies  will  be  discussed  from  the  standpoint  of 
the  present  status  of  U.S.  Government /NREG  contracts.  Projections 
of  availability  that  can  be  used  to  plan  future  programs  are  presented. 

INTRODUCTION 

The  U.S.  Government  interest  in  bubble  domain  technology  is  being 
well  demonstrated  by  the  support  that  military  and  civilian  agencies 
are  providing  to  contractors  in  the  areas  of  materials  research, 
devices,  manufacturing  technology,  systems  planning  and  systems 
development .  The  result ant  from  this  investment  will  be  a  wide  range 
of  memory  products  that  will  be  capable  of  operating  under  diverse 
environmental  conditions  to  provide  a  common  solution  to  the  many 
different  data  storage  missions  of  the  U.S.  Government.  These  memory 
missions  run  the  gamut  from  the  high  environmental  performance 
required  of  satellite  systems  to  economically  competitive  billion  bit 
mass  memories  operating  in  ground  based  computer  systems .  In  between , 
strategic  data  storage  missions  in  aircraft,  the  mobile  army,  and 
surface  and  submerged  naval  vessels  will  be  successfully  accomplished. 

BUBBLE  MEMORY  CAPABILITIES 

The  technical  capabilities  of  a  bubble  memory  that  allows  this  new 
storage  media  to  be  adapted  to  so  many  different  applications  are 
shown  in  Table  1.  Over  and  above  the  straightforward  technical 
advantages  of  NDRO,  non-volatility,  and  no  mechanical  inertia  -  the 
most  exciting  technical  enhancements  are  the  properties  of  asynchronous, 
multi-speed  operation.  No  longer  must  the  parent  equipment  be  slaved 
to  the  peripherals.  With  the  facility  to  operate  the  memory  at  any 
speed  up  to  the  design  maximum  and  then  to  be  able  to  stop,  hold,  or 
even  reverse  the  direction  of  data  flow,  the  system  designer/user  can 
enhance  his  throughput  and  efficiency.  While  we  use  the  tern  "average 
access  time"  to  make  comparisons,  the  ability  of  bubble  memories  to 
stop  a  data  flow  and  wait  for  a  new  start  command  makes  this  term 


Reprinted  with  permission  from  Proceedings  of  the  Government  Microcircuit  Application  Conference ,  1972. 
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obsolete  in  many  applications.  Significant  latency  times  are  applicable 
only  when  a  large  address  jump  is  required  by  the  program.  The  "average 
access  time"  is  reduced  by  half  when  data  propagation  in  two  directions 
is  implemented.  As  the  function  of  Reading  &  Writing  are  accomplished 
by  different  patterns  in  the  device  they  operate  independently.  A  Read- 
Modify-Write  can  be  accomplished  on  the  same  data  pass  through  the 
control  elements.  By  the  proper  placement  of  the  elements  of  the 
detector  bridge  a  check  operation  can  be  performed  within  several  bit 
times  of  the  modify  operation. 


Table  1 

Capability  of  a  Bubble  Memory 

Asynchronous  Operation  (forward,  stop,  reverse) 

100  fold  improvement  in  access  time  (lOOpS  10  mS) 

Read/Modify /Write/Check  "on  the  fly" 

Passive  construction  (no  diffusion,  no  semiconductor  junctions) 
Non-Destructive  Readout 
Non-Volatile  Storage 
No  Mechanical  Inertia 

BUBBLE  MEMORY  MISSIONS 

A  representative  sample  of  potential  bubble  memory  missions  is 
shown  in  Table  2.  They  differ  in  capacity,  data  rate,  and  access  time. 
Environmental  design  and  packaging  will  be  unique  for  most  applications. 
Satellite  usage  has  a  prime  consideration  for  power  dissipation;  mobile 
(land,  air  or  sea)  usage  has  temperature  range  as  a  prime  consideration; 
and  permanent  installation  tend  to  optimize  data  throughput . 


Table  2 

Typical  Bubble  Memory  Applications 


APPLICATIONS 

Drum  Replacement  TV  Refresh 

Digital  Recording 

Satellite  Tape  Recorder 

Satellite  -  Radar  Data 
Memory 

Gnd  Base  Data  Storage 
0.15  mS  access  time 

Bulk  Memory 
1.0  mS  access  time 

B  =  bits;  Bd  -  Baud  =  bit/sec 


CAPACITY 

BIT  RATE 

7x106B 

9xl05  Bd 

108  B 

10°  Bd' 

UxlO7  B 

h 

10  Bd 

107  B 

10 5  Bd 

2xl07  B 

107  Bd 

109  B 

107  Bd 
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Table  3  shows  how  bubble  systems  compare  against  'the  performance 
criteria  of  disks  and  drums.  Given  equal  capacity  and  mission,  the 
bubble  memory  outperforms  the  competing  technology  each  time. 

Similar  comparisons  can  be  made  holding  other  parameters  constant. 

For  example,  if  data  rates  are  constant,  a  tape  recorder  replacement 
for  a  collect-store-forward  application  can  make  use  of  the  multi-speed 
capability,  and  in  addition  more  bits /pound  can  be  provided.  In  a 
satellite  this  car  mean  an  expanded  mission  or  a  lighter  memory. 

Table  3 


Rotating  Memories  Vs  Bubble  Memories 


CHARACTERISTICS 


FIXED  HEAD 

ROTATING  MEMORIES  BUBBLE  MEMORY 


Access  Time  (mS) 

Transfer  Rates  (MBd) 

Synchronization  with 
Parent  Equipment 

Write  partial  block 

Size  Range 


2.5  -  16.0 
2  -  k  (Fixed) 
No 


0.150 

2  (Variable) 
Yes 


No  Yes 


Uneconomical  Below  Economical  in 
2  MBits  Smaller  Sizes 


NR  BUBBLE  PROGRAM  STATUS 


At  North  American  Rockwell  we  are  pleased  to  be  working  with 
several  agencies  in  developing  and  proving  the  bubble  technology. 

Table  k  shows  a  comparison  of  three  different  bubble  films  developed 
with  the  support  of  the  agencies  listed.  The  attributes  and  detriments 
to  the  usage  of  each  of  the  films  is  listed.  The  Ga:Y,GdIG  film  on  G^ 
via  CVD  is  continuing  to  be  perfected  under  NASA-LRC  sponsorship. 

In  addition  company  funded  investigations  into  LPE  technologies  are 
also  underway.  These  CVD  and  LPE  films  will  be  evaluated  in  our  AFML 
Manufacturing  Methods  contract  to  determine  an  optimum  film  for  pro¬ 
duction,  des  ign  the  methods  of  production,  and  offer  it  to  device 
experimenters  and  systems  designers.  Devices  were  constructed  using 
GarErIG  on  a  mixed  (GcLQyjG  substrate  which  was  developed  to  allow  a 
wider  range  of  film  composition  to  be  investigated.  A  physical  model 
for  stress  induced  anisotropy  was  developed.  Work  under  AFML  sponsor¬ 
ship  is  continuing  to  investigate  radiation  hardness,  wall  mobility 
and  velocity  improvement,  temperature  coefficient  improvements  and 
resistance  to  shock  and  vibration  of  the  bubble  materials.  Work  for 
the  USAECOM  is  now  active  in  the  device  area  studying  high  speed 
propagation. 
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A  Comparison  of  Bubble  Garnet  Films 
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Supporting  Agency  U.S.  Army,  U.S.  Air  Force,  HASA-Langley 

Ft.  Monmouth  WPAFB 


Device  studies  are  now  underway,  sponsored  by  the  AFAL,  to  optimize 
the  performance  of  bubble  devices  under  system  usage  conditions.  Some 
of  the  patterns  that  have  been  utilized  are  shown  in  Fig.  1.  We  have 
developed  devices  that  operate  from  external  exercisers  in  all  modes. 

A  significant  finding  in  the  tinderstanding  of  bubble  control  has 
resulted  from  our  studies.  When  attempting  to  explain  or  design 
bubble  patterns  the  field  created  by  the  bubble  itself  must  be  con¬ 
sidered  in  addition  to  the  fields  created  by  the  propagation  field 
interaction  with  the  permalloy  pattern.  A  model  was  formulated  which 
has  been  proved  both  theoretically  and  experimentally .  The  progress 
to  date  fully  supports  the  projections  used  by  our  memory  system 
design  staff  in  planning  for  the  introduction  of  bubble  memories  into 
the  various  U.S.  Government  agency  missions.  We  are  no  longer 
satisfied  with  just  operating  bubble  devices .  By  using  the  model  and 
intensive  laboratory  experimentation  the  effort  now  is  to  maximize  and 
make  congruent  the  margin  of  operation  of  the  basic  device  elements  - 
propagation  structure,  generator,  detector,  annihilator,  and  switches 
at  ever  increasing  data  rates. 

BUBBLE  FUTURES 

The  time  is  now  appropriate  to  enter  areas  of  investigation  unique 
to  the  requirements  for  governmental  missions.  For  example,  two  areas 
ready  for  investigation  are  temperature  range  and  module  size.  It  is 
desirable  to  have  the  bubble  maintain  a  constant  diameter  over  as  wide 
a  temperature  range  as  possible.  Even  as  the  basic  materials  are 
developed  to  minimize  the  effect  of  temperature,  a  combination  of 
temperature  varient  magnets  and  shunts  for  the  bias  field  will  be 
required  to  ensure  operation  over  the  wide  environments  found  in 
tactical  missions.  An  effort  to  develop  the  basic  materials  required 
is  appropriate.  The  volume  of  controlled  flux  that  the  propagation 
coils  create  can  be  traded  against  power  and  drive  voltages.  In  aero¬ 
space  usage,  a  small  modular  building  block  that  requires  lower 
voltages  (BVCEQ)  and  total  power,  and  which  then  could  be  driven  in  a 
matrix,  may  be  more  useful  than  one  large  power-consuming  module. 

The  present  state  of  our  development  programs  indicates  that 
scheduled  progress  has  been  attained  and  program  goals  are  being  met. 

An  internal  study  at  NREG  indicates  that,  for  aerospace  programs, 
memory  requirements  will  continue  to  grow  logarithmically  with  linear 
time.  We  expect  that  trend  to  hold  true  for  non-aerospace  applica¬ 
tions  as  well.  .  Figure  2  shows  this  growth  for  both  replacement 
functions  and  added  functions  in  new  equipments.  The  cross-hatched 
ray  shows  the  present  and  projected  development  of  bubble  memories  to 
overtake  and  exceed  these  program  needs  by  the  mid  70's.  Bubble 
memory  technology  and  development  has  progressed  to  the  point  where 
introduction  of  memory  hardware  into  defined  programs  can  be 
scheduled.  With  your  continued  support  bubble  memories  will  be 
available  when  they  are  needed.  It  is  now  appropriate  for  system 
designers  in  all  agencies  to  categorize  and  specify  their  data  storage 
needs  so  that  feasibility  can  be  proved  and  detailed  equipment  designs 
can  be  begun. 
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TYPICAL  BUBBLE  MEMORY  PATTERNS 
Figure  1 
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PER  SYSTEM  MEMORY  REQUIREMENTS  (BITS) 


PROJECTED  GROWTH  IN  TOTAL  MEMORY  CAPACITY 
REQUIREMENTS  FOR  AEROSPACE  APPLICATIONS 
(EXCLUDING  REDUNDANCY) 

1960  -  1990 
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Thermomagnetic  Recording  in  Thin  Garnet  Layers* 


J. -P.  Krumme,  J.  Verweel,  J.  Haberkamp,  W.  Tolksdorf,  G.  Bartels,  andG.P.  Espinosat 
Philips  Forschungslaboratorium  Hamburg  GmbH ,  2000  Hamburg  54,  Germany 
(Received  25  February  1972) 

Thermomagnetic  flux  reversal  has  been  studied  in  single-crystal  layers  of  Y3Ga1#1Fe3-9012 
with  5-jim  thickness,  prepared  by  liquid-phase  epitaxy  (LPE)  on  a  (111)  Gd3Ga5012  wafer. 

By  structuring  the  layers  in  a  checkerboard  pattern  of  squares  with  10-jum  periodicity  and 
2-\xm  width  and  depth  of  the  surface  grooves,  arbitrary  stable  domain  patterns  have  been 
obtained.  Individual  squares  have  been  switched  magnetically  using  heat  pulses  from  a  laser 
beam  of  20-mW  intensity  at  5145-A  wavelength  with  fields  as  low  as  13  Oe  in  case  of  a 
nearly  demagnetized  domain  distribution.  The  beam  energy  for  reversing  the  magnetization 


of  a  square  is  below  1  erg. 

Thermomagnetic  “Curie -point”  switching  may  be 
strongly  influenced  by  demagnetizing  effects  introduced 
by  the  existence  of  the  spontaneous  magnetization  of  the 
magnetic  layer  at  the  operating  temperature.  This 
causes  the  external  field  required  for  local  magnetiza¬ 
tion  reversal  to  vary  with  the  density  and  distribution 
of  domains.  Thus,  for  storage  device  applications, 
“Curie-point”  materials  should  generally  exhibit  a  small 
saturation  magnetization. 

Furthermore,  the  Curie  temperature  should  not  be  too 
far  above  the  operating  temperature  to  reduce  the  laser- 
beam  power  required  for  switching. 

In  addition,  the  magnetocrystalline  and  induced  anisot¬ 
ropies,  which  constrain  the  magnetization  direction  to 
the  film  normal,  should  be  sufficiently  small  to  facilitate 
domain  nucleation  at  the  focused  beam  diameter. 

Finally,  the  remanence -to- saturation  ratio  should  be 
high  to  obtain  a  good  bit  discrimination  and  high  disturb 
threshold. 

Thermomagnetic  recording  experiments  have  been  car¬ 


ried  out  in  single-crystal  layers  of  the  approximate 
composition  Y3Ga1# iFe3#9012  grown  on  (111)  wafers  of 


M  (relat.  units) 


FIG.  1.  Quasistatic  hysteresis  loops  of  the  unstructured  (A) 
and  structured  (B)  parts  of  the  LPE  garnet  layer  of  4-jLtm 
thickness.  The  structured  part  has  surface  grooves  of  2-jiim 
width  and  depth,  which  form  squares  of  7-fJtm  side  length. 


Reprinted  with  permission  from  Applied  Physics  Letters,  vol.  20,  no.  11,  pp.  451-453,  June  1,  1972. 
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FIG.  2.  Thermomagnetic  switching  field  Hs  vs  time  t  of  expo¬ 
sure  to  a  laser  beam  of  individual  squares  of  the  structured 
LPE  garnet  layer  as  referred  to  in  Fig.  1.  The  curves  repre¬ 
sent  magnetic  flux  reversal  in  a  demagnetized  environment  for 
laser-beam  intensities  of  10  and  20  mW  at  a  5145-A 
wavelength. 


Gd3Ga5012  by  liquid-phase  epitaxy  (LPE)  from  a  fluxed 
melt. 1,2  Details  of  the  preparative  technique  will  be 
published  elsewhere.3  This  material  exhibits  a  coer- 
civity  of  0. 1  Oe  and  a  defect  density  below  10  defect/ 
cm2.  The  magnetization  47rMs  at  20  °C  has  been  measured 
to  be  36  G,  and  the  Curie  temperature  TCurie  =  125  °C. 

A  cubic  magnetocrystalline  anisotropy  field  KjMs~  40 
Oe  was  found,  and  the  induced  noncubic  anisotropy  field 
was  found  to  be  larger  than  100  Oe  at  room  temperature. 
This  value  might  be  reduced  by  proper  lattice  matching 
of  both  layers.  The  determination  of  Ku  and  Kx  will  be 
discussed  elsewhere.4 

To  stabilize  the  domain  pattern  at  the  operation  tem¬ 
perature  against  the  influence  of  any  external  magnetic 
field  up  to  the  value  of  the  thermomagnetic  switching 
field  the  4-Mm-thick  magnetic  layer  was  structured 
by  photolithographic  and  sputter-etch  techniques  into  a 
checkerboard  pattern  of  squares  with  10- Mm  periodicity 
separated  by  grooves  of  2- Mm  depth  and  width. 

This  structuring  increases  the  wall  coercivity  Hc  and 
the  remanence -to- saturation  ratio  M/Ms  of  the  layer. 

For  the  given  case,  the  coercivity  Hc  changed  from  3  to 
20  Oe,  and  M/Ms  from  0. 1  to  1.0,  as  shown  in  Fig.  1. 

As  can  be  seen,  the  layer  remains  magnetically  satu¬ 
rated  in  reverse  external  fields  up  to  8  Oe.  Figure  1 
displays  the  strong  influence  of  the  demagnetizing  field 
of  the  layer. 

Thermomagnetic  flux  reversal  has  been  studied  by  ad¬ 
dressing  individual  7  x  7- Mm  squares  by  a  laser  beam 
of  20-mW  intensity  and  5145-A  wavelength,  whose  focus 
diameter  was  made  equal  to  the  diameter  of  stable 
cylindrical  domains  in  the  layer  at  the  storage  tempera¬ 
ture,  which  is  4  jam.  The  external  switching  field  Hs 
was  applied  normal  to  the  magnetic  layer  and  measured 
as  a  function  of  the  exposure  time  t  (Fig.  2).  As  ex¬ 
pected,  the  relation  between  Hs  and  t  depends  on  the 
magnetic  state  of  the  layer.  For  a  demagnetized  en¬ 
vironment  around  a  switched  square,  H8(t)  obeys  the 


relation  Hs*t  =  65  jLtsecOe  for  a  light  input  of  20  mW  at 
5145  A.  This  means  that  a  bit  of  information,  as  cor¬ 
related  with  the  magnetic  state  of  a  square,  may  for 
instance  be  recorded  or  erased  by  13  Oe  in  5  Msec  and 
a  beam  energy  of  1  erg.  As  can  be  seen  in  Fig.  2,  the 
recording  times  for  a  light  input  of  10  mW  are  just  about 
twice  as  high. 

For  storage  applications,  erasing  a  bit  in  an  otherwise 
erased  layer  represents  the  worst-case  condition,  since 
the  external  switching  field  Hs  has  to  overcompensate 
the  demagnetizing  field.  However,  Hs  must  remain  be¬ 
low  tfcrit  derived  from  hysteresis  measurements  (Fig. 

1),  which  is  8  Oe  in  the  given  structured  film.  Our  film 
was  found  to  be  unstable  under  this  worst-case  condi¬ 
tion.  It  is  is  hoped  that  by  deeper  structuring  and  by  the 
application  of  higher-intensity  illumination,  worst-case 
random-access  storage  performance  may  be  obtained. 

Selective  recording  in  the  structured  garnet  film  is 
shown  in  Fig.  3. 

Applying  the  treatment  of  Goldberg5  for  the  temperature 
rise  AT  at  the  beam  focus,  one  finds  A T=  35  °C  for  20 
mW,  2  Msec,  and  a  beam  focus  of  4 -Mm  diameter,  if 
one  assumes  that  only  18%  of  incident  energy  J0  is  ab¬ 
sorbed  in  the  illuminated  area: 

J/J0=:emad  =  0.82, 

where  a  =  500  cm"1  at  5145  A  is  the  absorption  coeffi¬ 
cient,  and  d  =  4  Mm  is  the  thickness  of  the  layer. 

This  model  is  acceptable  for  exposure  times  up  to  about 
6  Msec  in  the  garnets  to  avoid  bit  spreading,  if  one  as¬ 
sumes  a  bit  spacing  of  10  Mm,  a  bit  diameter  of  7  Mm, 
and  a  focus  diameter  of  4  Mm.  For  the  garnets  the 
thermal  diffusivity  is  D=(y/cp)  (cm2 /sec)  =  1.  5x  10“2 
cm2/sec,  where  X  =  1.  5x  10"2  cal/sec  cm  deg  is  the  heat 
conductivity,  c  =  0. 2  cal/gdeg  is  the  heat  capacity,  and 
p=  5. 17  g/cm3  is  the  density.  Then,  the  “thermal  diffu¬ 
sion  length”  l  =  (Dt)1/z  is  1.7  Mm  in  2  Msec  and  3  Mm  in 
6  Msec.  Therefore,  the  cylindrical  heat  front  of  orig- 


FIG.  3.  Photograph  of  a  thermomagnetically  recorded  domain 
pattern  in  the  structured  LPE  garnet  layer  referred  to  in  Fig. 
1.  Part  of  the  unstructured  film  is  also  visible. 
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inally  4-ptm  diameter  has  expanded  to  a  10- Mm  diam¬ 
eter  6  Msec  after  heat  input,  which  equals  the  periodic¬ 
ity  of  the  bit  spots. 

Efforts  are  directed  on  the  preparation  of  well-defined 
isolated  defect-free  magnetic  islands  to  study  the  pa¬ 
rameters  of  the  thermomagnetic  recording  process. 

The  authors  are  indebted  to  Dr.  Dimigen  and  Mrs.  Con- 
vertini  for  their  help  in  the  structuring  of  the  LPE 
garnet  films. 
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INTRODUCTION 


The  purpose  of  this  paper  is  to  extend  the  work 
presented  earlier1  on  the  methods  for  performing  logic  on 
magnetic  bubble  chips,  and  to  illustrate  these  techniques 
by  presenting  the  outline  of  a  design  for  a  general- 
purpose  digital  computer. 

Magnetic  bubble  materials  have  received  extensive 
treatment  in  the  literature  during  the  past  few  years,2-9* 
and  numerous  memories  have  been  designed  and  tested 
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(B)  SYMBOLIC  CIRCUIT 
Figure  1 — Primitive  realization  for  class  1 


‘  Only  a  few  of  the  more  important  materials  papers  are  cited. 
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Figure  2 — Additional  primitive  realizations 
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Figure  3 — Table  of  the  3-3  circuits 


using  this  medium.  However,  only  a  small  amount  of 
logic  research  has  been  reported  for  magnetic  bubbles.4-22 
It  is  conjectured  that  the  relatively  slow  data  rates  in 
bubble  materials  (105  to  107  bits  per  second  in  garnets) 
account  for  this:  designers  anticipate  performing  the 
memory  functions  (perhaps  including  the  address 
decoders)  on  bubble  chips,  and  the  logical  functions  on 
silicon. 

This  approach,  while  it  may  be  satisfactory  in  certain 
cases,  appears  to  be  inadequate  if  the  number  of  data 
channels  between  the  memory  and  the  logic  is  large. 
This  is  because  most  acceptable  bubble  readout  methods 
require  a  large  area  in  order  to  obtain  reasonable 
signal-to-noise  ratios.  Furthermore,  by  having  logic 
separate  from  the  memory,  numerous  opportunities  are 
missed  for  useful  intermixtures  of  the  two.  Therefore,  it 
is  expected  that  there  will  be  a  significant  need  for  logic 
accomplished  in  the  bubble  medium. 

SUMMARY  OF  CONSERVATIVE  BUBBLE 
LOGIC 

Magnetic  bubble  circuits  that  are  memory-free  and  do 
not  create  or  destroy  bubbles  are  termed  conservative ,20 


and  a  conservative  magnetic  bubble  circuit  having  n 
input  variables  and  k  output  combinational  switching 
functions  of  these  variables  is  called  an  n-k  circuit.  The 
2-2,  2-3,  3-3,  3-4,  and  3-5  circuits  have  been  treated 
earlier1-20  and  these  results  will  be  briefly  summarized. 

One  of  the  3-3  circuits  is  shown  as  Figure  1,  first  in 
terms  of  the  permalloy  circuit  elements,  and  then  in  a 
symbolic  form.  It  is  observed  in  Figure  1(A)  that  a 
gradient  is  established  in  the  field  of  the  circuit  elements 
because  of  the  varying  heights  of  the  chevrons :  a  single 
bubble  which  enters  on  any  track  is  moved  downward  to 
exit  on  the  bottom  track.  However,  if  two  bubbles  enter 
on  any  pair  of  tracks,  the  mutual  repulsion  forces  them 
to  the  top  and  bottom  output  tracks.  The  decimal 
subscripts  on  the  output  functions,  F23,  Fi  and  Fm 
indicate,  when  they  are  converted  to  binary,  the 
truth-table  form  for  the  functions. 

Twelve  other  3-3  circuits  are  shown  in  symbolic  form 
as  Figure  2.  In  this  figure,  the  rectangle  represents  a 
field  of  circuit  elements  with  no  gradient,  the  circled 
triangle  is  a  strongly  graded  field  of  elements,  and  the 
small  circle  represents  two  bubble  tracks  sufficiently 
close  together  that  bubble  repulsion  is  effective. 
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There  are  729  3-3  circuits;1  for  the  convenience  of 
presentation,  these  are  arranged  into  31  equivalence 
classes  under  all  permutations  of  the  three  inputs  and 
three  outputs.  These  equivalence  classes  and  the  six 
corresponding  input  permutations  are  given  as  Figure  3. 
One  member  of  each  equivalence  class  is  realized  in 
terms  of  the  thirteen  primitive  realizations  in  Figure  4. 
By  permuting  the  inputs  and  outputs  of  the  magnetic 
bubble  circuits  in  Figure  4  in  accord  with  the  table  of 
Figure  3,  all  729  3-3  circuits  may  be  formed. 


NON-CONSERVATIVE  BUBBLE  LOGIC 


REPRESENTATIVE 

CIRCUIT 


X. 

Y. 

Z. 


A 


,  XY+XZ4-YZ 
XYZ 

X+Y+Z 


18 


□ 

A 


X+YZ 

XYZ 

Y+Z 


It  is  possible  to  create  a  bubble  with  a  device  called 
a  generator ,  to  destroy  one  with  an  annihilator  and  to 
split  a  bubble  on  one  track  into  a  bubble  on  each  of  two 
tracks  with  a  splitter.  These  devices,  along  with  several 
others  that  are  used  in  this  paper,  are  symbolized  as 
shown  in  Figure  5.  If  generators,  annihilators,  splitters 
or  similar  devices  are  used  in  bubble  circuits,  the  circuits 
are  termed  non-conservative.  In  this  section  several 
non-conservative  bubble  circuits  will  be  developed. 

The  class  24  conservative  3-3  bubble  circuit  in 
Figure  4  is  of  some  interest,  because  it  is  a  controlled 
permutation.23  This  circuit  is  drawn  with  a  different 
output  permutation  in  Figure  6(A),  and  symbolically  in 
terms  of  the  Kautz-Levitt-Waksman  notation  as 
Figure  6(B).  Because  this  cell  has  useful  logical 
properties,  it  is  of  some  advantage  to  reduce  the 
number  of  bubble-track  crossings.  By  introducing  two 
generators  and  four  annihilators,  it  is  possible  to 
eliminate  all  such  crossings  for  this  cell;  the  resulting 
non-conservative  circuit  is  shown  as  Figure  6(C).  If  one 
uses  bubble  splitters,  an  improved  circuit  can  be  found: 
it  is  shown  as  Figure  6(D). 

A  slight  variation  of  the  circuit  of  Figure  6(D)  yields 
a  circuit  for  performing  a  crossing  of  two  bubble  tracks 
without  actually  having  them  physically  cross.  This 
circuit  is  drawn  as  Figure  7(A).  In  Figure  7(B)  is  a 
conservative  bubble  circuit  which  converts  a  noii-dis- 
joint  crossover  into  a  disjoint  one  (see  Figure  5).  The 
advantage  of  this  latter  circuit  is  that  the  operating 
margins  for  a  disjoint  crossover  are  wider  than  for  a 
non-disjoint  one. 

In  order  to  obtain  fan-out,  some  means  for  replicating 
a  bubble  is  needed.  A  bubble  splitter  is  a  well-known 
example  of  such  a  replicator.  A  logical  bubble  splitter  can 
be  formed  with  a  non-conservative  bubble  circuit  as 
shown  in  Figure  8(A).  If  one  has  need  for  a  larger 
number  of  bubbles,  the  bubble  multiplier  of  Figure  8(B) 
can  be  used,  or  a  tree  of  these  can  be  assembled  as 
shown  in  Figure  8(C).  If  this  tree  of  multipliers  has  n 
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Figure  4 — Realizations  for  all  3-3  circuits 
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XY-fY'Z 
Y 

XY'+YZ 

(D)  IMPROVED  CLASS  24  NON-CONSERVATIVE  CIRCUIT  USING  SPLITTERS 

Figure  6 — Non-conservative  circuits  for  class  24 

levels,  there  are  (5W  +  l)/2  bubbles  produced  at  the 
output  for  a  single  input  bubble. 

Bubble  flip-flops  are  essential  to  any  digital  system, 
and  both  trigger  (T)  flip-flops  and  reset-set  (R-S) 
flip-flops  have  been  reported.12  Both  of  these  flip-flops 
depend  on  a  trapped  bubble  in  an  idler  loop.  It  is 
instructive,  however,  to  display  alternative  flip-flops 
based  on  the  3-3  circuits  of  Figure  4.  Two  of  these  are 
shown  as  Figure  9.  While  these  flip-flops  are  based  on  the 
circuit  for  equivalence  class  9,  several  other  circuits 
would  do  as  well. 

DECODERS 


The  bubble  circuits  that  have  been  described  can  be 
Figure  5— Symbols  for  bubble  circuits  assembled  into  decoders.  For  instance,  Figure  10  shows 
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Figure  11 — Alternative  decoder  using  class  21 


Figure  12(A)  illustrates  a  two-variable  decoder  with 
no  crossovers.  In  order  to  assemble  decoders  which 
handle  high  numbers  of  variables  from  this  two-variable 
decoder,  the  planar  crosspoint  circuit  shown  in  Figure 
12(B)  is  useful.  By  putting  the  circuits  of  Figure  12(A) 
and  (B)  together  as  shown  in  Figure  12(C),  a  four- 
variable  decoder  results.  It  should  be  emphasized  that 
this  decoder  has  no  physical  bubble-track  crossovers.  If 
it  is  desired  to  matrix  the  16  outputs  of  two  decoders 
similar  to  the  one  in  Figure  12(C)  in  order  to  form  an 
eight- variable  decoder  and  still  to  retain  planarity,  it 
will  be  necessary  to  use  logical  crossover  circuits  similar 
to  the  one  shown  in  Figure  7(A)  in  order  to  bring  the  16 
outputs  of  Figure  12(C)  into  a  row  so  that  they  can  be 
matrixed. 

MAGNETIC  BUBBLE  COMPUTER 
Assumptions 

It  is  the  belief  of  the  authors  that  a  sufficient  variety 
of  bubble  logic  has  been  described  so  that  any  digital 
system  can  be  efficiently  designed.  To  illustrate  this 
conviction,  a  sketch  for  the  design  of  a  magnetic  bubble 
computer  will  be  given.  Such  a  design  exercise  will 
additionally  show  the  structure  of  various  bubble  digital 
subsystems  and  expose  those  areas  in  which  further 
work  needs  to  be  done. 


Since  the  speed  of  propagation  in  magnetic  bubble 
circuits  is  presently  in  the  range  of  5  to  300  meters/ sec., 
which  is  several  orders  of  magnitude  slower  than  the 
propagation  speed  for  electrical  signals  in  wire,  one 
design  criterion  is  that  the  over-all  operating  speeds  of 
the  bubble  computer  be  realistic.  For  similar  reasons, 
the  memory  size  must  be  realistic.  On  the  other  hand, 
no  useful  purpose  is  served  in  this  design  exercise  by 
including  an  input-output  system  or  an  interrupt 
structure. 

Specifications 

The  memory  for  this  computer  consists  of  16  serial 
shift  registers  which  are  designed  to  incorporate  a  small 
amount  of  logic.  These  shift  registers  are  called  mark¬ 
time  lines.  Each  shift  register  holds  256  words  of  16  bits 
each,  and  the  address  capability  is  provided  to  lengthen 
each  shift  register  to  65,536  words.  Therefore,  the 
memory  size  ranges  from  the  4,096  words  shown  in  the 
figures  that  follow,  to  1,048,576  words. 

The  number  system  is  two’s  complement  with  the  sign 
bit  inverted.  This  number  system  is  particularly  suitable 
for  asynchronous  operations  because  all  valid  words 
have  at  least  one  binary  1. 

There  are  32  logical  sub-systems  in  the  bubble 
computer:  they  are  called  modules.  Sixteen  of  these 


(A)  PLANAR  TWO  VARIABI  t  DECODI  R  AND  SYMBOL 
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Figure  12— Planar  decoders 
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(C)  PLANAR  FOUR-VARIABLE  DECODER 
Figure  12 — (continued) 

modules  constitute  logical  interfaces  between  the  16 
shift  registers  and  the  arithmetic  portions  of  the 
computer.  The  other  16  modules  are  specialized  to 
various  arithmetic,  logical  and  control  functions.  Some 
of  these  contain  one  or  several  storage  registers  as 
appropriate.  The  modules  are  interconnected  by  a 
closed  buss  called  a  daisy  chain. 

The  instruction  format  is  shown  as  Figure  13.  All 


SA:  Address  of  Source  Module 
SC:  Source  Module  Control  Field 
DA:  Address  of  Destination  Module 
DC:  Destination  Module  Control  Field 

Figure  13 — Instruction  format 


311 


MARK-TIME  LINE  16 
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CURRENT-CONTROLLED 
BUBBLE  GENERATOR 


BUBBLE  DETECTOR 
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Figure  15 — Schematic  of  mark-time  line 
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instructions  consist  of  designating  a  transfer  from  one 
of  the  32  modules  to  another  module,  or  of  initiating  a 
search  for  a  word  location  in  a  mark-time  line.  Further¬ 
more,  each  of  the  source  and  destination  modules 
receives  a  three-bit  control  which  is  used  to  designate 
the  specific  module  actions  during  the  transfer. 

The  computer  control  utilizes  two  of  the  modules  for 
designating  the  line  from  which  instructions  presently 
are  being  delivered,  and  for  buffering  the  instruction 
which  is  being  executed. 

A  block  diagram  for  this  bubble  computer  is  given  as 
Figure  14. 


Mark-time  lines 


Magnetic  bubble  shift  registers  have  been  extensively 
studied,  and  their  design  is  well-known.  Therefore,  a 
modified  shift  register  storage  has  been  chosen;  it  is 
shown  schematically  in  Figure  15.  There  are  both 
bubble  tracks  and  current  conductors  in  this  figure;  in 
order  to  avoid  confusion,  bubble  tracks  appear  as 
narrow  lines. 

In  the  absence  of  a  current  applied  to  the  conductor 
shift  control  in  Figure  15,  the  bubbles  in  the  memory 
move  around  the  255  closed  16-bit  loops.  At  the  end  of 
one  word  time,  the  whole  memory  is  in  the  same 
condition  it  was  in  the  previous  word  time.  Thus,  even 
though  the  drive  is  continually  applied,  the  words  are 
effectively  marking  time:  therefore,  the  name.  On  the 


Figure  16 — Schematic  of  loop  length  and  transfer  path  length 


other  hand,  if  a  current  is  applied  to  the  conductor  shift 
control  in  Figure  15,  information  advances  from  the 
output  paths  of  each  16-bit  loop  into  the  next  loop. 
Therefore,  the  conductor  shift  control  current  deter¬ 
mines  whether  the  words  advance  around  the  delay  line 
or  mark  time.  The  principle  of  the  weak  S-curve1  is  used 
in  the  mark-time  line. 

Figure  16  showTs  some  of  the  design  parameters  in  this 
storage  device,  and  Figure  17  is  a  multi-chevron  layout 
for  two  loops. 


Line  modules 


It  is  seen  from  Figure  14  that  each  of  the  16  mark-time 
lines  is  connected  to  one  of  modules  16  through  31. 
These  memory-interface  modules  are  termed  line 
modules. 

Each  line  module  contains  one  word  of  the  mark-time 
line:  it  is  called  the  datum  register ,  or  DR.  In  addition, 
there  are  two  serial  one-word  registers  associated  with 
each  line  module,  the  present  address  register  (PAR)  and 
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DR— 16  bits 


x  y  z 

0.0  0 

0  .0  1 

0  1  0 

0  1  1 

1  0  0 

1  0  1 

1  1  0 

11  1 


OUTPUT 


IN  — ►  OUT 
0  — *•  OUT 
DR  — ►  OUT 
SAR  — ►  OUT 
0  — ►  OUT 
0  — ►  OUT 
PAR — ►  OUT 
DR  — *-OUT 


PAR 

Recirculate 

Recirculate 

Recirculate 

Recirculate 

Write 

Recirculate 

Read 

Count 


SAR 

Recirculate 

Write 

Match  PAR 
Read 

Recirculate 

Recirculate 

Recirculate 

Count 


DR 

Recirculate 

Recirculate 

Read 

Recirculate 

Recirculate 

Write 

Recirculate 

Recirculate 


(B)  CONTROL  CODES 


E  =  xP2g :+  e(cP28)' 

F  =  xP30  +  f(cP28)' 

G  =  xP  3i  +  g(cP28)' 

T  =  e'  f'  g1  w  +  e’  f  g  s  +  e  f  g'  p  +  f  (e  ©  g')  b 

P  =  p  [  e'  +(f  ©  g)]  +  f’  g'  w  +  e  f  g  [p  ©  c  ©  (x  z)] 

S  =s[f'  g'  +  (e©  f  ®  g)'l  +  e'  f'w+efg[p©c©(x  z)] 

C  =  [  e  f  g  Maj  (p,  c,  x  z)  +  f'  (e  ©  g)  (w  +  c)  +  e  f '  g  c  (p  ©  s)]  P28' 
R  =  f  (e  ©  g') 

D  =  [  f  +  c  (e  +  g)]  P28 
H  =  e  +  f  +  g 

B  =  (e*  +  f  +  g')  b  +  e  f1  g  w 


(C)  LOGICAL  EQUATIONS 


OUT 


Figure  18 — Line  module 
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the  search  address  register  (SAR).  The  present  address 
register  contains  the  address  of  the  word  currently  in  the 
datum  register.  Because  each  mark-time  line  is  started 
and  stopped  under  control  of  its  line  module,  the 
ncrementing  of  the  present  address  register  is  similarly 
controlled  in  order  to  keep  track  of  the  present  memory 
address. 

It  is  well-known  that  even  though  random-access 
memories  are  in  common  use  today,  memory  accesses 
fare  frequently  too  sequentially  organized  items.  That  is, 
the  program  often  is  stored  in  segments,  each  of  which 
is  in  contiguous  memory  locations.  Similarly,  related 
data  such  as  matrices  often  are  stored  adjacently  in 
memory.  For  these  reasons,  it  is  believed  that  the 
mark-time  lines  will  be  accessed  for  the  next  word  in 
sequence  much  of  the  time,  and  only  occasionally  for  a 
word  at  a  random  location. 

In  order  to  provide  for  the  occasional  random  access 
to  a  word  in  a  line,  the  address  of  the  desired  word  is 
loaded  into  the  search  address  register  of  its  line  module, 
and  it  in  turn  provides  the  conductor  shift  control  called 
the  run  signal  to  the  mark-time  line.  When  the  present 
address  register  equals  the  search  address  register,  the 
desired  word  is  located  in  the  datum  register  of  the  line 
module  and  the  run  signal  is  automatically  removed. 

Because  this  searching  process  for  the  head  of  a  new 
set  of  contiguous  data  or  program  segment  may  take  a 
significant  amount  of  time,  the  line  modules  are 
organized  such  that  this  operation  may  proceed 
autonomously  of  other  operations  on  the  daisy  chain. 
Therefore,  the  programmer  may  arrange  to  have  such 
sets  of  data  or  program  in  separate  mark-time  lines,  and 
start  the  search  procedure  for  the  head  of  any  such  set 
sufficiently  prior  to  its  need. 

Some  of  the  details  of  the  line  module  are  shown  as 
Figure  18.  In  addition  to  the  three  one-word  registers 
DR,  SAR,  and  PAR,  there  are  three  flip-flops  which 
buffer  the  three-bit  sequential  control  field  x.  Depending 
on  the  control  code,  the  module  is  arranged  to  perform 
one  of  eight  actions  as  detailed  in  Figure  18(B).  It 
should  be  noted  that  the  absence  of  a  control  code 
corresponds  to  x  =  (0,  0,  0)  ;  in  this  case,  the  input  is 
transferred  to  the  output  and  the  various  registers  are 
recirculated.  The  logical  equations  appear  as  Figure 
18(C). 

All  flip-flops  are  reset  at  bit  time  P22.  The  control 
system  initiates  the  action  in  a  line  module  by  delivering 
the  three  sequential  control  bits  x  at  times  P22,  P30,  and 
P3i,  as  shown  in  Figure  18.  If  a  given  line  module  is  a 
receiving  module,  then  when  it  has  received  any  word 
destined  for  it  on  the  daisy  chain,  a  signal  D  is  sent  back 
to  the  control  system.  Therefore,  the  D  signal  indicates 
that  the  daisy  chain  is  clear,  and  the  control  system  may 


proceed  with  the  next  operation.  However,  if  a  search 
of  a  mark-time  line  is  under  way,  an  H  signal  is  made 
true  so  as  to  delay  any  further  control  signals  destined 
for  the  given  module. 

Special  modules 

The  remaining  16  modules  on  the  daisy  chain  in 
Figure  14  serve  various  functions  as  shown  in  Figure  19. 
Module  0  holds  a  pointer  to  the  mark-time  line  from 
which  instructions  presently  are  being  obtained,  while 
the  fetched  instruction  is  buffered  in  module  4.  Modules 
1,  2,  and  3  are  index  registers  which  index  instructions 
as  they  pass  through  on  the  daisy  chain.  Modules  5 
through  8  are  four  identical  arithmetic  registers:  each 
performs  additions  and  subtractions.  Modules  9  and  10 
are  used  together  for  the  purpose  of  shifting  numbers 
that  pass  through.  It  is  necessary  to  use  two  modules  for 
shifting  because  of  the  limited  number  of  control  bits, 
and  modules  12  through  15  are  simple  buffer  registers 
which  store  intermediate  results. 

The  block  diagram  for  a  general  register  module  is 
shown  as  Figure  20(A).  Only  two  of  the  three  control 
bits  are  needed  for  this  module,  as  shown  in  Figure 
20(B),  because  four  operations  are  sufficient  for  the 
desired  actions.  The  logical  equations  for  this  module 
are  given  in  Figure  20(C),  and  they  are  shown  as  bubble 
logic  realizations  in  Figure  21. 

Analogous  details  for  the  accumulator  modules  appear 
as  Figure  22. 


Module 

Abbreviation 

Name 

M0 

LNR 

Line  Number  Register 

Ml 

BR1 

Index  Register  Number  1 

M2 

BR2 

Index  Register  Number  2 

M3 

BR3 

Index  Register  Number  3 

M4 

IR 

Instruction  Register 

M5 

AR1 

Accumulator  Register  Number  1 

M6 

AR2 

Accumulator  Register  Number  2 

M7 

AR3 

Accumulator  Register  Number  3 

M8 

AR4 

Accumulator  Register  Number  4 

M9 

SRI 

Shift  Register  Number  1 

M  10 

SR2 

Shift  Register  Number'  2 

Mil 

MR 

Immediate  Register 

M 12 

GR1 

General  Register  Number  1 

M  1 3 

GR2 

General  Register  Number  2 

M 14 

GR3 

General  Register  Number  3 

M  15 

GR4 

General  Register  Number  4 

Figure  19 — Special  modules 
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16  bit  REGISTER 


(A)  BLOCK  DIAGRAM 


R  =  xP30+  r(qP28)’ 

S  =  xP31+  s(qP28)' 

Q  =  (w  +  q)  P28 1 
B  =  (r  ©  s')  b  +  r  s'  w 
T  =  r'w+rsb 
D  =  (qr  +  r’s)  P28 
H  =  0 

(C)  LOGICAL  EQUATIONS 


Figure  20 — General  Register  module 
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0 

0 

1 
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—  OUT 
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0 

i 

0 
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0 

i 

1 

0  — 

—  OUT 
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NEG.  WRITE 

i 

0 

0 

s  — 

-►  OUT 

Recirculate 
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l 

0 

1 

-s— 
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Recirculate 

NEG.  READ 

i 

1 

0 

0  — 

—  OUT 

Add  Input 

ADD 

l 

1 

1 

0  — 

—  OUT 

Subtract.  Input 

SUBTRACT 

(B)  CONTROL  CODES 


E  =  xP  2g  +  e(cP28)' 

F  =  xP30  +  f(cP28)' 

G  =  xP  31  +  g(cP28)' 

T  =  e*  f'  g'  w  +  ef'  g'  s  +  ef'  g  (s'  ®  x) 

S  =  f'  s  (e  +  g')  +  e'  fg'  w  +  e'  fg  (w1  ©  y)  +  efg'  (s  ©  w  ©  c  ©  P28) 

+  efg  (s  ©  w'  ©  c  ©  z  ©  P28) 

C  =  [efg1  Maj(s,  w,.  c)  +  efg  Maj  (s,  w\  c,  z)  +  f'  (e  +  g')  +  e'  f  (w  +  c)]  P'28 
D  =  P28c 
H  =  0 


(C)  LOGICAL  EQUATIONS 


Figure  22 — Accumulator  module 
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Control  circuits 

The  magnetic  bubble  computer  operates  on  a 
conventional  fetch-execute  cycle.  During  the  fetch 
phase  the  address  of  the  line  module  from  which  the 
instruction  is  to  be  fetched  is  obtained  from  module  0 
and  decoded.  Module  0  always  designates  module  4  as 
the  destination  for  the  instruction  fetch;  therefore,  two 
decoding  circuits  serve  to  steer  the  source  and  destina¬ 
tion  control  fields  to  the  appropriate  modules.  Once 
module  4  has  received  its  new  instruction,  it  sends  a  D 
signal  back  to  the  control,  indicating  that  the  daisy 
chain  buss  is  clear.  This  D  signal  switches  the  control 
system  into  the  execute  phase. 

In  the  execute  phase,  the  source  and  destination 
address  fields  from  the  instruction  control  the  decoder  to 
steer  the  source  and  destination  control  bits  to  the 
correct  modules.  When  the  destination  module  signals 
that  the  daisy  chain  buss  is  clear  by  sending  a  D  signal 
back  to  the  control  circuits,  the  fetch  phase  is  reentered. 

The  circuits  associated  with  the  control  are  shown  in 
Figure  23.  In  Figure  23(A)  is  a  trigger  flip-flop  similar  to 
the  one  in  Figure  9(A)  which  alternately  steers  the 
control  of  module  0  (the  x  signal)  and  of  module  4  (the  y 
signal)  to  the  output  X  in  accordance  with  the  returned 
buss-clear  control  signal  d  (D  at  its  sources).  This 
accomplishes  the  fetch-execute  control.  In  Figure  23(B) 
is  a  block  diagram  for  a  five-stage  serial  parallel 
converter,  which  converts  the  x  signal  ( X  of  Figure 
23(A))  into  a  five-bit  parallel  word.  A  bubble  design  for 
one  stage  of  this  converter  is  shown  in  Figure  23(C). 

Each  bubble  output  from  the  serial-parallel  converter 
is  converted  into  a  sequence  of  three  bubbles  using  the 
bubble  tripler  of  Figure  23(D).  This  tripler  is  derived 
from  the  circuit  of  Figure  8(B) ;  it  causes  the  decoder  to 
be  held  at  its  value  for  three  bit  times  so  that  the  control 
field  can  be  steered  to  the  correct  module.  Finally,  the 
outputs  of  the  five  bubble  triplers  feed  the  TV  inputs 
of  the  32-output  decoder  in  Figure  23(E).  The  C  input 
of  that  figure  is  the  three-bit  control  field. 

Bubble  chip  area  and  speed  considerations 

It  is  estimated  that  this  computer  would  fit  onto 
between  six  and  20  bubble  chips.  For  the  portions  of  the 
computer  exclusive  of  the  mark-time  lines,  the  assump¬ 
tion  is  made  that  a  logical  circuit  is  approximately  four 
circuit  periods  long  and  three  high.  Using  several 
designs  as  samples,  it  appears  that  when  all  auxilary 
items  such  as  generator  annihilators,  bubble  tracks, 
etc.,  are  taken  into  account,  the  average  area  occupied 
by  one  gate  is  between  50  and  150  periods.2  Conserva¬ 


tively  assuming  50  gates  per  module  with  100  periods2 
per  gate,  approximately  100,000  periods2  are  needed  for 
all  the  modules.  An  additional  20,000  periods2  for  the 
control  circuits  would  be  generous.  As  a  result,  180,000 
periods2  are  needed  for  the  CPU;  at  the  present-day 
capabilities  of  bubble  chip  sizes  and  circuits  this  would 
require  two  to  four  chips. 

The  area  taken  by  one  256-word  mark-time  line  is 
approximately  23,000  periods,2  therefore,  one  to  four 
storage  lines  can  be  constructed  on  one  chip  using  the 
technology  available  today. 

In  order  to  estimate  the  time  for  a  complete  fetch- 
execute  cycle,  it  is  assumed  that  each  module  presents  a 
delay  of  32  periods  and  that  an  additional  32  periods  are 
needed  for  the  control  circuits.  If  reasonably  good 
programming  practice  is  used,  then  either  the  program 
or  the  data  are  stored  in  lines  fairly  near  modules  0  and 
4.  The  assumption  is  that  the  instructions  are  stored 
four  modules  away  and  the  data  16  modules  away.  From 
these  assumptions  it  follows  that  a  fetch-execute  cycle 
takes  slightly  less  than  900  periods.  At  a  106-bit  per 
second  rate,  this  corresponds  to  103  instructions 
executed  per  second. 


SUMMARY  AND  CONCLUSIONS 

Several  new  bubble  logic  and  memory  circuits  have  been 
shown.  As  an  exercise  a  magnetic  bubble  computer  has 
been  designed  which  should  fit  onto  between  six  and  20 
bubble  chips.  That  such  a  design  can  be  made  demon- 


(A)  BUBBLE  REALIZATION  FOR  FETCH-EXECUTE  CONTROL 
Figure  23 — Control  circuits 
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C  T03  Tf  Tl  T33  T3 


(E)  THIRTY-TWO  OUTPUT  DECODER 


Figure  23 — (continued) 
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strates  the  completeness  of  the  bubble  logic  that  has 
been  shown. 
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DEVICES 
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ABSTRACT 


Alphanumeric  display  systems  are  proposed 
utilizing  clear-view  angelfish  bubble-domain  devices, 
which  are  fabricated  by  surface  etching  on  bubble 
material.  The  systems  distinguish  themselves  from 
conventional  displays  in  that  they  are  self-contained 
in  display,  memory,  and  switch  functions  within  the 
very  same  medium.  This  paper  reviews  the  principle 
of  device  operation,  experimental  results  on  devices 
using  Gd-orthoferrite  platelets,  and  device  configu¬ 
rations  and  system  organization. 

I.  INTRODUCTION 


In  a  series  of  papers (1,2, 3)  we  have  reported 
the  results  of  exploring  the  technical  feasibility  of 
bubble-domain  display  and  printing  devices.  The 
purpose  of  this  paper  is  to  summarize  them  in  order 
to  stimulate  interest  among  computer  and  display 
experts.  The  display  system  proposed  in  this  paper 
differs  from  conventional  display  system  in  that  it 
is  complete  with  display,  character  generation  and 
memory  capabilities.  All  of  these  functions  are 
provided  by  bubble  domain  devices  on  a  single  bubble 
chip ; 


The  basic  element  of  the  display  system  could  be 
a  clear-view  shift  register  which  employs  angelfish 
patterns  with  guide-rails,  both  etched  into  the  sur¬ 
face  of  a  bubble-domain  magnetic  plate.  The  differ¬ 
ence  in  energy  change  as  presented  by  asymmetrical 
etched  patterns  to  domain  walls  moving  in  opposite 
directions  has  been  shown  to  be  effective  in  provid¬ 
ing  a  unidirectional  motion  of  bubbles  under  an  os- 
cilating  bias  field. 

Alphanumeric  patterns  are  formed  with  the  clear- 
view  shift  registers  folded  into  meandering  channels. 
Bubbles  are  placed  into  proper  positions  and  then 
elongated  to  make  segments  for  characters.  Non-vol¬ 
atility  of  bubble  domains  eliminates  the  use  of  a 
refreshing  memory  as  required  in  a  CRT  display  system. 
The  switch  capability  of  bubble  devices  is  utilized 
to  perform  such  logical  procedures  as  necessary  for 
character  generation,  code  conversion  between  input- 
and  pictorial-  codes,  etc.,  without  the  need  of  other 
logic  devices. 

Theoretical  predictions  of  the  performance  of 
clear-view  shift  registers,  which  provide  the  basis 


for  describing  device  operation  and  designing  experi¬ 
ments,  are  summarized  in  sections  II  and  III.  Experi¬ 
mental  results  which  verify  the  device  operation  are 
given  in  section  IV.  A  brief  sketch  of  the  clear- 
view  bubble-domain  display  systems  is  described  in 
sections  V  to  VII. 

II.  INTERACTION  BETWEEN  A  BUBBLE  AND  ETCHED  PATTERNS 


In  response  to  an  oscillating  bias  field,  a  free 
circular  bubble  in  a  plate  of  uniform  thickness 
expands  and  contracts  without  moving  its  center.  If 
asymmetrical  patterns  are  imposed  on  the  plate,  the 
bubble  wall  motion  will  be  constrained  asymmetrically 
to  result  in  unidirectional  motion  of  the  bubble. 
Moreover,  guide-rails  are  provided  to  ensure  the  mo¬ 
tion  of  bubbles  along  a  track,  and  to  facilitate  the 
stretching  of  a  bubble  into  a  line  segment  for 
display.  Sections  II  and  III  analyze  the  effect  of 
such  structures  on  bubble  behavior. 


Fig.  1  Interaction  between  a  bubble  and  a  small 
indented  triangle . 

Figure  1  shows  a  circular  bubble  domain  inter¬ 
acting  with  a  small  Isosceles  triangle  indented  by  A  h 
from  the  surface  of  a  plate  of  bubble  material 
(thickness  h,  saturation  magnetization  Ms,  character¬ 
istic  length (4)  lc) .  The  presence  of  the  triangle 
alters  the  magnetic  energy  of  the  system.  As  a  re¬ 
sult,  a  bubble  receives  an  interacting  force  equal  to 
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the  derivative  of  the  energy  with  respect  to  the 
position  of  the  bubble.  The  magnetic  energy  change 
AE  consists  of  three  terms:  wall,  applied  field,  and 
magnetostatic. 

Figure  2  shows  the  profiles  of  the  energy 
changes  calculated  for  a  bubble  approaching  the  tip  T 
of  an  isosceles  triangle  (altitude  a,  base  b,  verti¬ 
cal  angle  ^  )  on  the  perpendicular  bisector  of  the 
base  (x=TP) .  AEW  represents  the  wall  energy  change. 
The  field  energy  change  is  included  in  AEh+d.  The 
magnetostatic  energy  change  is  devided  into  Z  %+D 
and  A2ED.  The  energy  change  AE  is  given  by  the  sum 
of  the  above  three  terms.  We  can  deduce  from  the 
figure  that  AEW  becomes  the  predominant  term  for  a<h 
(See  Ref.l  for  detailed  discussion). 


c 


Fig.  2  Energy  change  in  case  the  domain  wall  is 
'  placed  in  the  neighborhood  of  an  indented 
triangle.  The  abrupt  change  in  the  wall  en¬ 
ergy  at  the  base  of  the  triangle  provides  the 
directionality  of  the  bubble  motion. 

The  directionality  of  the  bubble  motion  results 
from  the  difference  of  the  potential  gradient  at  the 
base  of  the  triangle  (slope  of  CD)  from  that  else¬ 
where  (see  AE(x)  shown  in  Fig. 2).  At  point  C,  AE 
is  minimum  with  respect  to  the  position  of  the  wall. 
From  this  position,  it  is  easy  to  remove  the  wall  to 
-x  direction.  It  is  difficult,  however,  to  move  the 
wall  to  +x  direction  by  passing  the  steep  "cliff"  CD. 
The  slope  BCD  plays  the  role  of  a  "ratchet"  and  pre¬ 
vents  the  domain  wall  from  moving  back  to  the  tri¬ 
angle  . 


It  is  worth  noting  that  a  raised  triangle  can 
also  provide  unidirectionality  of  motion.  The  results 
obtained  for  an  indented  triangle  still  hold  for  the 
case  of  a  raised  triangle  if  we  simply  change  the  sign 
of  Ah.  As  a  result,  the  sign  of  AE  in  Fig. 2  and  the 
directionality  of  the  bubble  motion  are  reversed  for 
a  raised  triangle. 

The  effect  of  the  guide  rails  on  the  bias  field 
range  has  been  analyzed  in  Ref.l  by  assuming  a  rec¬ 
tangular  bubble  with  a  fixed  width  y  and  a  variable 
length  x.  The  width  y  is  assumed  to  be  determined  by 
the  guide  rails.  The  length  x  in  equilibrium  can  be 
obtained  by  equating  the  x-derivative  of  the  bubble 
energy  E(to  be  called  longitudinal  force  on  a  wall 
transverse  to  the  guide  rails,  hereafter)  to  zero. 

The  longitudinal  force  fx  consists  of  three 
terms:  field  force  f H,  wall  force  fw  and  magneto¬ 
static  force  fD(x),  corresponding  to  field,  wall  and 
magnetostatic  energies,  respectively,  of  a  rectan¬ 
gular  bubble.  Figure  3  shows  the  graphical  solution 
of  the  force  equation  fx  =  %  +  %  +  ^D  =  As 
shown  in  Ref.l,  fW  and  fH  are  independent  of  the 
bubble  length  x,  and  fD(x)  varies  monotonically  from 
1  to  its  asymptotic  value  f]}(x -><*>)  when  normallized 
against  47^MS  per  unit  area  of  the  transverse  wall. 
Thus  there  is  a  solution  only  when  the  bias  field  is 
chosen  in  such  a  way  that  the  value  of  -fy  -  fH  lies 
between  these  two  limits  of  fD(x) . 


f  (NORMALIZED  FORCE) 


Fig.  3  Dependence  of  the  magnetostatic  force  fp(x) 
for  a  rectangular  bubble  on  its  length  x. 
Equilibrium  length  xe  is  obtained  from  the 
intersection  point  between  the  line  f  =  -fjj 
-fw  and  the  curve  f  =  fp(x). 

Figure  4  shows  the  field  dependence  of  the 
bubble  length  calculated  for  h  =  y  =  41c.  The  col- 
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lapse  field  Hq  and  the  run-out  field  H2  for  a  circu¬ 
lar  bubble (4)  is  shown  on  the  ordinate  axis  for 
reference. 


H 

4irMs 


Fig.  4  Dependence  of  the  bubble  length  x  on  the  bias 
field  H.  The  case  with  h  =  y  =  41c  is  shown. 

In  practice,  guide  rails  can  be  realized  by 
etching.  The  interaction  between  a  bubble  and  an 
etched-out  guide  rail  can  be  treated  in  similar 
manner  as  the  interaction  between  a  bubble  and  an 
etched-out  triangle.  The  would-be  abrupt  increase  of 
the  wall  energy  when  the  wall  sweeps  across  the 
boundary  of  the  guide  rail  is  expected  to  confine 
bubbles.  For  raised  guide  rails,  bubbles  are  con¬ 
fined  between,  but  external  to,  the  rails.  For  in 
dented  rails,  two  walls  longitudinal  to  the  guide 
rails  will  be  confined  within  the  rails. 

III.  OPERATION  OF  A  CLEAR-VIEW  SHIFT  REGISTER 

Figure  5  shows  the  structure  of  the  clear- view 
angelfish  shift  register  and  simplified  bubble  motion 
under  an  oscillating  bias  field.  From  the  discussion 
in  section  II  we  can  characterize  the  shift  register 
operation  as  follow:  As  the  applied  bias  field  oscil¬ 
lates  between  the  lower  limit  h(2  and  the  upper  limit 
Hd,  one  of  the  two  walls  transverse  to  the  guide 
rails  moves  to  expand  or  contract  the  bubble,  while 
the  other  is  held  fixed  against  the  base  of  a  tri¬ 
angle,  on  the  shallower  side,  to  lower  the  wall 
energy. 

When  we  have  derived  the  possibility  of  unidi¬ 
rectional  bubble  motion  in  section  II,  we  have  taken 
only  one  triangular  pattern  into  consideration  for 
the  sake  of  simplicity.  To  analyze  the  bubble  motion 


in  the  shift  register,  we  must  consider  a  pair  of 
guide  rails  and  a  series  of  triangles  simultaneously* 
Figure  6a  illustrates  a  diagram  to  obtain  the  equi¬ 
librium  length  of  a  bubble  in  the  shift  register 
graphically.  A  group  of  solid-line  curves  show  the 
longitudinal  force  fx,  normalized  against  4TTMg  per 
unit  area  of  the  transverse  wall,  as  a  function  of 
bubble  length  x/h  for  a  series  of  the  values  of  the 
bias  field  H.  Without  the  triangles  the  equilibrium 
state  moves  along  the  linefx  =  0,  when  the  bias  field 
oscillates.  The  presence  of  the  triangles  modifies 
the  force  equation  fx  -  0  maily  through  wall  energy 
change  as  follows: 

f  x  =  ±  I A  fW  I  > 

I  Afw|=  |^Ew/3  x|/  (8  TCM§hy) 

=  (lc/y)(Ah/h)tan(^/2)  , 

where  is  the  vertical  angle  of  the  isosceles  tri¬ 
angle,  and  the  plus  and  minus  signs  stand  for  expan¬ 
sion  and  contraction  of  a  bubble,  respectively. 

Vm/M////////////////.  mnnmmmmmnimrr. 
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(a)  (b) 


Fig.  5  Structure  of  the  clear-view  shift  register. 

Shaded  area  shows  region  indented  by  etching. 
Predicted  bubble  motions  are  shown  for  both 
(a)  raised  and  (b)  indented  patterns. 

The  above  force  equation  modifies  the  locus  on 
which  the  equilibrium  state  moves  as  shown  by  the 
dashed  lines  in  Fig.  6a.  Bubble  positions  relative 
to  the  triangles  corresponding  to  the  representative 
stages  on  the  locus  are  shown  in  Fig.  6b.  Arrows 
connecting  the  neighboring  configurations  indicate 
the  possible  directions  of  transition  between  the 
stages.  Single  and  double  arrows  represent  unidirec¬ 
tional  and  bidirectional  bubble  motion,  respectively. 
As  discussed  in  section  II,  the  crossing  of  the  tri¬ 
angle  base  by  a  domain  wall  results  in  irreversible 
wall  motion  and  hence  unidirectionality  of  the  bubble 
motion  (Fig. 2).  For  example,  a  bubble  can  be  expanded 
from  the  configuration  A  to  2,  but  cannot  be  con¬ 
tracted  in  the  reverse  way.  One  cycle  of  the  shift- 
register  operation  is  achieved  by  oscillating  the 
bias  field  in  such  a  way  that  a  bubble  may  expand  and 
contract  between  the  configurations  represented  by 
two  different  numerals.  Figure  6a  shows  that  if  we 
oscillate  the  bias  field  between  0.38x47tMg  and 
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0.26  x47tMg,  for  example,  a  bubble  is  shifted  along  the 
cycle,  1— >A— >2— >b~*l. 


IV.  EXPERIMENTAL  RESULTS: 

DEMONSTRATION  OF  DEVICE  OPERATION 


Fig.  6  Diagram  showing  the  operation  of  the  dear- 
view  shift  register. 

(a)  Stable  bubble  configurations  are  obtain¬ 
ed  from  the  intersections  of  solid-line 
curves  representing  the  force  fx  and  the 
dashed  lines  representing  the  force  A%. 
The  dashed  lines  above  and  below  the  axis 
fx  *  0  stand  for  expansion  and  contrac¬ 
tion  of  the  rectangular  bubble,  respec¬ 
tively  . 

(b)  Permissible  transitions  between  the  sta¬ 
ble  bubble  configurations  obtained  in 
(a) .  Single  and  double  arrows  indicate 
unidirectional  and  bidirectional  bubble 
motions ,  respectively . 

The  force  Af^  can  be  regarded  as  an  interaction 
force  exerted  from  a  triangle  to  a  wall  traversing  its 
oblique  sides.  Similarly  we  can  consider  a  backward 
interaction  force  Af^g  exerted  on  a  wall  climbing  the 
step  at  the  base  of  the  triangle  (cf .  the  slope  CD  in 
Fig. 2).  To  assure  unidirectional  bubble  motion  the 
force  A%b  should  be  larger  than  the  force  Af^. 
Moreover  the  force  Afw  should  be  larger  than  the  a- 
mount  of  inhomogeneity  of  the  coercive  force  Hc  of  the 
material  to  retain  the  transverse  wall  at  the  base  of 
a  triangle  in  the  transitions  represented  by  double 
arrows  in  Fig. 6b.  For  example,  a  bubble  in  configura¬ 
tion  B  should  be  contracted  by  moving  the  right  trans¬ 
verse  wall  instead  of  the  left  wall  at  the  base.  This 
is  possible  only  if  the  force  Af^  for  the  left  trans¬ 
verse  wall  is  larger  than  Hc  at  the  position  of  the 
right  transverse  wall.  Since  the  forces  Afy  and  AfWB 
are  proportional  to  the  depth  of  indentation  Ah  and 
the  gradient  of  the  etched  step  Ah/ Ax  (see  Ref.l), 
we  can  estimate  from  the  above  two  requirements  the 
minimum  values  of  Ah  and  Ah/ Ax  necessary  for  the 
expected  shft  register  operation.  It  has  been  shown 
in  Ref.l  that  for  a  typical  bubble  material  with  Hc  of 
~0.1  Oe  and  the  altitude  of  the  triangle  equal  to  h, 
Ah  of  'Mi/ 10  and  Ah/ Ax  of  ~1  are  sufficient. 


Various  predictions  given  in  sections  II  to  IV 
have  been  verified  experimentally  on  sputter-etched 
gadolinium  orthoferrite  (GdFe03>  platelets  (47tMs=94G, 
lc=24u,  h-70/i)  .  An  etched  depth  of  ~h/15  and  an 
etched  gradient  Ah/ Ax  of  ~0.6  to  1.6  were  observed 
to  be  adequate  for  the  expected  shift  register  opera¬ 
tion.  The  photographs  in  Fig. 7  give  examples  of 
bubble  configurations  observed  quasistatically  in  a 
Gd-  orthoferrite  plate  65 thick  with  a  pattern  inden¬ 
ted  into  the  surface  (Ah=4.75/i,  Ah/Ax=0.57,  center- 
to-center  separation  of  guide  rails  yo=100/i,  guide 
rail  width  Ay=18.8;i,  tan( /2)=0. 417)  .  Typical  con¬ 
figurations  during  one  cycle  of  the  shift  register 
operation  l-*A-*2— »b-*l  are  shown.  The  values  of  the 
bias  field  used  to  obtain  each  configuration  are  shown 
in  the  figure.  Typical  threshold  fields  for  transi¬ 
tions  between  the  configurations  1  and  2  are  also 
given  together  with  dashed  arrows.  The  variation  of 
the  threshold  fields  was  found  to  be  ±0.450e  over  10 
consecutive  triangles.  Shift  register  operation  was 
also  observed  for  the  case  with  raised  triangles,  as 
expected. 


/(A)  18.8  Oe  \ 

oe-^ 


(b)  19.2  Oe 


Fig.  7  Quasistatic  bubble  motion  observed  in  a  Gd- 
orthoferrite  platelet  65p  thick. 

Figure  8  gives  dependence  of  bubble  length  x  on 
bias  field  Hi  and  H2  for  the  reversible  portions  of 
transverse  wall  displacement  observed  around  the  con¬ 
figurations  c  and  B  in  Fig. 6b.  The  difference  between 
Hi  and  H2  for  the  common  value  of  x  should  represent 
A  fw  given  in  section  III  through 

Hx  -  H2  -  8KMs|4fw|  . 

The  observed  difference  1.40e  agrees  well  with  the 
theoretical  value  1.160e  calculated  by  using  y  =  yo  + 
Ay  =  118p. 
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V.  METHOD  OF  DISPLAYING  CHARACTERS 


Fig.  8  Reversible  wall  motions  around  configurations 
c  and  B  in  Fig. 6b.  The  effect  of  triangular 
pattern  results  in  the  difference  H^-H2. 

In  order  to  measure  the  amount  of  the  gradient  of 
the  etched  step  "magnetically"  a  bubble  with  its  wall 
confined  within  a  narrow  circular  groove  (inner  radius 
R=250ji)  was  collapsed  across  the  inner  step  of  the 
groove.  By  solving  the  force  equation  for  a  circular 
bubble (4),  the  maximum  gradient  of  etching  at  the  in¬ 
ner  step,  |dh/dR|max,  can  be  estimated: 

|dh/dR.|  max”  Hh/ (2KMslc)+h/R-8R|E(*) /K-l) /(TUC)  , 

where  H  is  the  bias  field  at  the  collapse  of  the 
bubble,  and  E(X)  is  the  complete  elliptic  integral  of 
the  2nd  kind  with  modulus  K  =  2R//4RZ  +  h^.  The  value 
0.98  calculated  from  the  above  equation  by  using  the 
data  h=66ji  and  H=280e  agrees  well  with  typical  value 
of  the  experimental  etched  gradient ~1.0.  The  quan- 
tity  |dh/dR|lc/(2R)  can  be  regarded  as  a  backward  in¬ 
teraction  force  Aftyg.  It  is  worth  noting  that|A%B) 
(=0.179)  is  achieved  sufficiently  higher  than  |  A%| 
(=0.0062  for  the  case  shown  in  Fig. 8)  as  required. 

Figure  9  shows  the  bias  field  range  of  a  bubble 
constrained  by  a  narrow  indented  guide  rails  (h=65ji, 
y0-100ji,  .ly) .  The  solid  and  dashed  curves  in 

the  figure  stand  for  a  bubble  constrained  at  the  outer 
and  inner  step  of  the  grooves,  respectively.  The  ob¬ 
served  run-out  field  of  150e.  agrees  well  with  the  the¬ 
oretical  value (1)  of  16.50e.  Qualitative  agreement 
was  obtained  for  the  general  shape  of  H-x  curve,  too. 


Figures  10  illustrate  a  way  of  displaying  alpha¬ 
numeric  patterns  on  the  clear-view  shift  register.  A 
single  character  is  composed  by  filling  parts  of  its 
12  usable  segments  with  elongated  bubbles  (see  Fig. 11 
for  the  appearance  of  the  character  format) .  A  number 
of  characters  (e. g.  80)  are  connected  serially  to  form 
a  recirculating  shift  register  loop.  The  loop  can 
store,  move,  and  display  its  information  content. 

Its  input  receives  information  from  a  character  gener¬ 
ator  through  the  control  of  the  write  decoder. 


J 


(b) 


H(0e) 


Fig.  9  Observed  field  dependence  of  bubble  length. 


Fig. 10  Display  shift  register. 

(a)  There  are  12  segments  per  character,  and 
9  steps  per  segment. 

(b)  The  characters  link  into  a  recirculating 
shift  register  loop  with  an  input  for 
write  in,  and  a  buster  for  clear. 

Two  modes  of  operation  are  distinguished  in  the 
display  shift  register:  circulation  and  display.  In 
the  circulation  mode,  bubbles  in  all  of  the  display 
shift  registers  are  shifted  step  by  step  under  an  os¬ 
cillating  bias  field.  A  selected  line  is  rewritten  in 
this  mode.  The  display  mode  begins  after  all  neces¬ 
sary  bubbles  have  been  placed  at  the  shaded  triangles 
in  the  figure.  The  bias  field  is  lowered  further  than 
the  lowest  value  used  in  the  circulation  mode.  Each 
bubble  is  then  expanded  by  a  definite  length  to  become 
a  line  segment  (In  the  example  shown  in  Fig. 10,  a  bub¬ 
ble  is  expanded  over  six  triangles) .  After  the  dis- 
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play  mode  has  ended,  bubbles  are  shifted  again  in  the 
circulation  mode. 
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Fig. 11  Alphabets  and  numerals  as  appear  in  the  12 
segment  character  format. 

When  one  designs  the  geometrical  configuration  of 
meandering  channels  of  angelfish  circuits,  care  must 
be  taken  on  two  things:  the  magnetostatic  interaction 
between  bubbles,  and  the  control  of  bubble  length  in 
the  display  mode.  The  effect  of  one  bubble  (bubble 
length  x,  channel  width  y)  on  a  neighboring  bubble 
separated  by  distance  r  can  be  roughly  expressed  by  a 
dipole  field  Hp  =  2Mgxyh/r^,  which  is  effectively 
added  to  the  external  field.  To  ensure  negligible 
bubble-bubble  interaction,  Hp  should  not  affect  the 
directional  movement  of  bubbles  when  two  bubbles  ap¬ 
proach  each  other.  This  determines  the  minimum  sepa¬ 
ration  between  channels  at  every  corner  of  a  meander¬ 
ing  shift  register.  Center-to-center  separation  of  3y 
is  expected  to  be  sufficient,  judging  from  the  results 
of  the  previous  analysis (1)  on  shift  register  opera¬ 
tion. 

To  achieve  visual  quality  for  the  characters, 
line  segments  should  be  at  least  twice  as  long  as  the 
separation  between  segments.  This  means  that  a  bubble 
must  be  expanded  about  six  times  to  make  a  line  segment 
(see  Fig. 10).  The  maximum  controllable  bubble  length, 
however,  will  be  limited  practically  by  the  amount  of 
variation  in  both  [A%|  of  individual  triangles  and 
the  amplitude  of  the  bias  field.  This  limitation, 
comes  from  the  fact  that  the  slope  j'b  f X/Q  x  |  ap¬ 
proaches  zero  as  x  increases:  if  \'bfyi/"b  x|  is  very 
small,  the  slightest  decrease  in  |Afw|  or  from 
their  designed  value  will  cause  a  bubble  to  run-out. 
Thus  it  would  be  necessary  to  increase  slightly  the 
interaction  force  Afw  of  the  triangle  located  at  the 
end  of  each  line  segment  by  adjusting  its  geometrical 


parameters.  A  scheme  making  use  of  magnetostatic  re¬ 
pulsion  between  bubbles  elongated  in  the  display  mode 
is  also  being  planned (3) . 

VI.  ORGANIZATION  OF  BUBBLE-DOMAIN  DISPLAY  SYSTEM 

Figure  12a  shows  an  example  of  simple  bubble- 
domain  display  system.  The  system  essentially  consists 
of  the  following  parts:  character  generators,  a  write 
decoder,  a  display  area,  and  a  display  controller. 

All  parts  except  the  controller  are  embodied  on  a  chip 
of  bubble  material.  All  components  on  the  chip  are 
made  of  indented  (and/or  raised)  angelfish  bubble- 
domain  devices  which  are  driven  by  a  common  oscil¬ 
lating  bias  field  and  controlled  by  local  current 
loops. 


Write  Line 

Control  Selection  Bubble- Gene  rotor  Buster 


Display  and  Write  Charactor  Generator  (a) 

Storage  Area  Decoder 


Bubble  Generator 


Line  Converter 

Selection  Control  (b) 


Fig. 12  Organization  of  bubble-domain  display  systems. 

(a)  System  I.  The  character  generator  generates  a 
character  directly  according  to  the  input  sig¬ 
nals.  The  write  decoder  steers  the  character 
into  a  selected  line  in  the  display  area.  All 
angelfish  devices  are  driven  by  a  common  bias 
field  supplied  by  an  external  coil  and  con¬ 
trolled  by  local  current  loops  where  logic  or 
switch  operations  are  needed. 

(b)  System  II.  Text  is  stored  in  the  compact  code 
memory.  Characters  are  generated  by  address¬ 
ing  the  read-only  picture-code  memory  with 
bubble  streams  from  the  compact-code  memory 
storing  text.  Angelfish  devices  are  driven  by 
a  number  of  current  loops  instead  of  a  single 
external  coil. 


329 


The  character  generator  converts  a  6-bit  input 
code  in  parallel  into  one  of  64  prestored  characters. 
Since  a  character  is  represented  by  12  partly  filled 
segments  (i.e.,  up  to  12  bubbles  interspersed  with 
voids),  it  can  be  generated  by  12  segment  generators 
operating  simultaneously. 

The  write  decoder  is  an  n-stage  (e.g.,  ^5)  tree 
of  switches.  It  guides  the  output  from  the  character 
generator  into  one  of  the  2n  (e.g.,  2^=32)  shift  reg¬ 
ister  loops. 

The  display  controller  may  include  a  pulse  gener¬ 
ator  to  produce  clock  pulses,  a  few  counters  to  exer¬ 
cise  control,  and  several  current  drivers  for  oscil¬ 
lating  bias  field  and  various  control  loops.  It  con¬ 
trols  bubble  motions  by  energizing  proper  control 
loops  at  the  correct  time  in  accordance  with  the  oper¬ 
ator’s  command. 


The  read-only  memory  has  a  very  simple  configuration; 
viz.,  it  provides  one  bit  position  in  each  of  the  2n 
channels  corresponding  to  each  of  the  2n  characters. 
This  position  either  propagates  the  bubble  through  or 
destroys  the  bubble  on  site,  as  determined  by  the 
character  pattern.  The  2n  channels  are  connected 
through  the  merging  tree  into  the  common  propagation 
channel  of  the  character  generator. 

The  configurations  of  several  angelfish  bubble 
domain  devices  as  required  by  the  segment  generator 
are  depicted  in  Fig. 14.  The  bubble  generator  is  sim¬ 
ply  a  recirculating  shift  register  with  the  minimum 
number  of  steps  and  a  bubble  splitter  (see  Fig.i4a). 
Without  the  generator  control  current,  the  splitter 
splits  the  bubble  into  two,  one  for  recirculation  and 
the  other  for  feeding  into  the  switching  tree.  With 
the  current,  bubble  traveling  to  the  right  is  annihi¬ 
lated  before  it  reaches  the  switching  tree. 


SWITCH  TREEI  '-MERGING 

BUBBLE  READ- 

GENERATOR  ONLY 

MEMORY 
CELLS 

*4*  BUBBLE  SPLITTER 

ASYMMETRICAL  SWITCH 

Fig. 13  A  segment  generator.  The  presence  or  absence 
of  a  character  is  effected  by  the  transmis¬ 
sion  or  destruction  of  a  bubble  in  the  corre¬ 
sponding  channel  of  the  read-only  memory.  The 
input  signal  selects  the  character  through  the 
switch  tree.  The  unit  step  length  of  bubble 
motion  (^-altitude  of  a  triangle)  is  indicated 
by  S  • 

The  details  of  a  segment  generator  are  shown  in 
Fig. 13,  which  consists  of  four  parts:  a  controlled 
bubble  generator,  a  switch  tree,  a  read-only  memory, 
and  a  merging  tree.  For  a  segment  containing  9.  bubble 
positions  (see  Fig. 10),  the  bubble  generator  is  con¬ 
trolled  to  emit  one  bubble  in  every  9  field  oscil¬ 
lating  cycles.  The  input  signals  select  a  unique 
propagation  path  in  the  switch  tree  and  guide  the  bub¬ 
ble  to  the  selected  input  of  the  read-only  memory. 


Fig. 14  Structures  and  operations  of  various  angelfish 
control  circuits  needed  in  the  display  system, 
(a)  Bubble  splitter,  (b)  asymmetrical  switch, 
(c)  symmetrical  switch,  and  (d)  merging  in-^ 
tersection. 

Although  the  input  electrical  signals  (in  6-bit 
compact-code  form)  directly  generate  characters  for 
display  in  the  system  shown  in  Fig. 12a,  it  is  possible 
to  organize  a  more  flexible  system, which  contains  both 
a  compact-code  memory  to  store  the  input  information 
and  a  picture-code  memory  to  store  the  display  pat¬ 
terns  for  64  (-2^)  characters.  Figure  12b  shows  the 
block  diagram  of  such  a  system.  In  the  compact-code 
memory,  a  character  is  represented  by  6  serial  digits. 
The  text  is  processed  (e.g.,  composition,  correction, 
insertion,  etc.)  in  the  compact-code  memory.  Charac¬ 
ter  generation  is  done  by  addressing  the  picture-code 
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memory  (read  only)  with  a  set  of  bubbles  representing 
a  character  from  the  compact-code  memory;  i.e.,  the 
bubbles  from  the  compact-code  memory  releases  the  se¬ 
lected  bubbles  from  the  picture-code  memory.  A  way  of 
embodying  such  a  system  has  been  described  in  Ref. 3. 

VII.  APPLICATION  AS  A  MICROFILM  PRINTER 

One  of  the  most  attractive  features  of  the  prer 
sent  device  is  that  the  size  of  the  font  is  comparable 
to  that  in  a  microfilm  if  appropriate  garnet  plates 
are  used  as  bubble  material.  This  fact  suggests  that 
our  clear-view  shift  register  is  most  useful  as  nega¬ 
tives  to  print  microfilms.  The  high  sensitivity  of 
photographic  materials  to  light  and  the  elimination  of 
need  for  magnification  of  the  pattern  eliminate  the 
use  of  high- intensity  incident  light  which  was  consid¬ 
ered  as  one  of  the  disadvantages  associated  with  bub¬ 
ble-domain  magnetooptic  display  devices. 

As  can  be  seen  from  Fig. 10,  the  total  number  of 
steps  necessary  to  shift  a  bubble  by  one  character 
length  is  162  (=9x18).  Of  the  18  segments,  12  are  for 
displaying  character  and  6  for  connections.  The  area 
occupied  by  one  character,  including  space  around  each 
character,  is  about  25x2502=62552,  where  0  denotes 
distance  between  the  bases  of  two  neighboring  trian¬ 
gles.  If  we  assume  a  display  picture  consisting  of  80 
characters  x  32  lines  as  in  most  display  systems,  the 
total  number  of  steps  included  in  one  line  is  162x80  = 
1.3x10^:  and  the  total  display  area  is  (25x800) x(25x32 
S>)  =20005  x800S.  At  present,  materials  are  available 
with  small  enough  bubbles  to  permit  the  use  of  trian¬ 
gles  with  IOji  base.  Thus  each  character  is  (250^i)2 
and  the  total  display  area  is  2  cm  x  0.8  cm,  matching 
in  size  respectively  to  the  individual  letter  and  to¬ 
tal  area  of  a  microfilm  frame. 

Figure  11  shows  the  appearance  of  letters  and  nu¬ 
merals  represented  by  elongated  bubbles  in  the  present 
meandering  shift  registers.  The  asthetic  appearance 
of  the  font  can  be  improved  further  by  using  a  more 
complicated  channel  at  the  sacrifice  of  display  area 
and  write  time. 

As  for  write  time,  the  bubble  domain  device  is 
rather  slow  and  cannot  be  compared  to  typical  CRT  dis¬ 
play  devices.  In  the  case  of  common  external  coil 
driving  (for  an  area  of  a  few  cm2) ,  a  drive  frequency 
of  100  kHz  would  be  possible  without  much  power  con¬ 
sumption.  This  frequency  corresponds  to  lOps  delay 
for  each  step  of  bubble  motion.  Thus  it  takes  1.6ms 
to  write  a  character,  150ms  to  write  an  80  character 
line,  and  5  seconds  to  write  a  page  of  32  lines  by  80 
characters . 

It  is  conceivable  to  reduce  the  delay  time  by  a 
facter  of  10  if,  instead  of  the  common-drive  coil,  an 
individual  conducter  loop  drive  is  used  to  achieve  1 
MHz  drive  field  frequency.  The  individual  drive  has 
the  added  advantage  of  independent  operation  of  the 
shift  registers.  For  example,  while  one  line  is  being 
written  in,  the  other  lines  are  in  display. 

Necessary  incident  light  energy  can  roughly  be 
estimated  from  the  value  of  the  so-called  ASA  speed 
index  Sx  of  the  film  for  usfe.  For  typical  microfilm 
with  Sx=16  and  monochromatic  light  of  0.555ju,  the  nec¬ 


essary  energy  flux  of  incident  light  amounts  to 
7x10“" J/cm^.  The  rate  of  transmitted  light  energy  for 
display  devices  using  garnet  (Y3Ga1.2Fe3.gO12)  plate 
(thickness  70p,  bubble  diameter  15. 5p)  is  reported(5) 
to  be  ^10”2.  Thus  power  flux  of  light  incident  to  the 
garnet  surface  can  be  as  low  as  HL . 4xl0“5w/cm2 ,  and 
yet  provide  adequate  exposure  in  1/20  seconds. 

VIII.  CONCLUSION 

We  have  observed  that  magnetic  bubble-domain  de¬ 
vices  have  potentiality  of  offering  display,  memory, 
logic  and  switch  capabilities  all  within  the  same  me¬ 
dium.  The  major  purpose  of  this  paper  is  to  show  the 
"existence  theorem"  proof  of  conceptual  display  system 
using  bubble-domain  devices.  The  feasibility  of  the 
basic  element,  i.e.,  the  clear-view  angelfish  shift 
register,  has  been  verified.  Details  in  other  compo¬ 
nentary  will  depend  on  future  development  in  device 
design  and  analysis.  The  authors  hope  that  this  paper 
will  stimulate  the  interest  of  both  magnetic  bubble 
experts  and  display  technologists. 

REFERENCES 

1)  N . Hayashi ,  H. Chang,  L.T.Romankiw  and  S.Krongelb, 

"An  Analysis  of  a  Clear-View  Angelfish  Bubble- 
Domain  Shift  Register",  IEEE  Trans,  on  Mag.,  8, 
no.l,  16-22,  March  1972. 

2)  N. Hayashi,  L.T.Romankiw,  H. Chang  and  S.Krongelb, 
"Fabrication  and  Operation  of  Indented  Angelfish 
Bubble-Domain  Shift  Register",  Paper  15.3,  Intermag 
Conference  1972,  Kyoto. 

3)  H. Chang  and  N. Hayashi,  "Bubble-Domain  Alphanumeric 
Display  and  Microfilm  Printing  Devices",  being 
prepared  for  publication. 

4)  A. A. Thiele,  "The  Theory  of  Cylindrical  Magnetic 
Domains",  Bell  Syst.  Tech.  J.  48,  3287-3335, 

Dec.  1969. 

5)  G.S.  Almasi,  "Magnetooptic  Bubble-Domain  Devices", 
IEEE  Trans,  on  Mag.,  7,  no. 3,  370-373,  Sept.  1971 


331 


Two-Dimensional  Shift  Array  of  Magnetic  Bubbles 
and  Its  Application  to  Pattern  Processing 

Y.  KITA,  FUMIYUKI  INOSE,  AND  MASUO  KASAI 


Abstract— Using  52flm  thick  TmFe03  orthoferrite  plate  and 
1.2  fJLm  thick  permalloy  film,  we  realized  a  two-dimensional 
shift  array  of  magnetic  bubbles  on  which  any  two-dimensional 
pattern  can  be  shifted  in  a  horizontal  or  vertical  direction.  This 
functional  array  utilizing  the  shift  nature  and  array  processable 
characteristics  of  magnetic  bubbles  suggests  the  possibility  of 
functional  devices  for  pattern  processing.  As  an  example  of 
these  functional  devices,  we  propose  the  pattern  rotating  mem- 
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ory  which  Can  be  applied  to  preprocessing  in  pattern  recogni¬ 
tion.  We  verified  the  feasibility  of  this  idea  by  means  of  com¬ 
puter  simulation. 

I.  INTRODUCTION 

Magnetic  bubbles  have  such  characteristics  as  shift,  inter¬ 
action  between  two  bubbles,  nonvolatility  and  remote  control 
by  magnetic  field.  Combining  the  above  mentioned  characteris¬ 
tics  of  magnetic  bubbles,  we  realized  a  two-dimensional  shift 
array  which  can  be  used  as  a  basic  device  in  pattern  processing. 
Two-dimensional  shift  array  is  a  unique  memory  array  on  which 
any  kind  of  pattern  stored  can  be  shifted  both  in  a  horizontal 
and  a  vertical  direction  by  means  of  a  simple  control.  Using  this 


Reprinted  from  IEEE  Transactions  on  Magnetics,  vol.  MAG-8,  pp.  367-369,  Sept.  1972. 

332 


48 


BUBBLE 

GENERATOR 


jdjdjjlXPl]  gh 

^jUrJUl 


200/i  m 


IREVERSE-  i  FORWARD 


qWFFF- 

□ 


l.2/im  THICK 


BUBBLE 

GENERATOR 


mmFF 


'  JlJ  UU  UlI  UU  JL_ 


□JdJdJdJdJd^ 

oioioioAil^ 

4  i  i 


200/i  m 

PERMALLOY 
12/im  THICK 


-  Point  A 


(b) 

Fig.  1.  (a)  Modified  T-bar  array,  (b)  Modified  Y-bar  array. 


array,  we  propose  a  functional  device  that  has  the  function  of 
rotating  a  two-dimensional  pattern  for  use  in  preprocessing  in 
pattern  recognition. 

II.  THE  STRUCTURE  AND  OPERATION  OF  THE  TWO- 
DIMENSIONAL  SHIFT  ARRAY 

Fig.  1  illustrates  the  structures  of  two  kinds  of  two-dimen¬ 
sional  shift  arrays  which  we  call  a  two-dimensional  modified 
T-bar  array  [1]  and  a  two-dimensional  modified  Y-bar  array, 
respectively.  Two-dimensional  shift  function  of  these  arrays 
was  confirmed  using  a  52  jum  thick  TmFe03  orthoferrite  plate. 
These  arrays  consist  of  1.2  {dm  thick  and  50  jUm  wide  permalloy 
elements  deposited  on  a  glass  substrate.  Conventional  bubble 
generators  [2]  are  located  along  the  left  hand  side  and  upper 
side  of  the  arrays.  A  clockwise  rotation  of  the  magnetic  field 
causes  bubbles  to  be  generated  from  the  left  hand  side  genera¬ 
tors  and  shift  on  the  array  from  left  to  right.  We  call  this  X-mode 
operation.  By  reversing  the  direction  of  the  rotation,  the  bub¬ 
bles  generated  by  the  X-mode  operation  change  their  shift 
direction  from  horizontal  to  vertical  via  the  point  A  in  each 
cell  when  the  rotating  field  is  in  position  2  and  begin  to  shift 
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Fig.  2.  Operating  margin  of  the  experimental  models. 


downward.  At  the  same  time,  bubbles  are  generated  from  the 
upper  side  generators.  We  call  this  Y-mode  operation.  The  shift 
direction  of  bubbles  and  operating  mode  are  controlled  by 
switching  the  direction  of  the  rotating  field.  In  conventional 
permalloy  arrays,  by  reversing  the  direction  of  the  rotating 
field,  bubbles  tended  to  return  on  the  path  through  which  they 
have  propagated.  It  is  necessary,  therefore,  to  contrive  the 
shape  of  permalloy  elements  and  their  arrangement  to  change 
the  propagation  direction  by  90  degrees  when  the  direction  of 
the  rotating  field  is  switched.  The  modified  T-bar  array  re¬ 
quires  one  cycle  of  a  rotating  field  to  shift  one  bit  in  a  hori¬ 
zontal  or  a  vertical  direction,  and  the  modified  Y-bar  array  re¬ 
quires  two  cycles  for  a  vertical  shift.  Fig.  2  shows  the  curve  of 
the  operating  margin  of  each  two-dimensional  shift  array  tested 
in  the  quasistatic  operating  condition.  The  regions  enclosed  by 
the  curves  represent  the  operating  margins  for  the  two-dimen¬ 
sional  shift  operation  including  bubble  generation,  horizontal 
shift,  vertical  shift  and  switching  of  the  shift  path  by  90  degrees. 
It  was  recognized  that  the  margin  for  the  path  switching  is  the 
most  critical  in  both  modified  arrays. 

III.  THE  APPLICATION  OF  THE  TWO-DIMENSIONAL 
SHIFT  ARRAY 

As  an  example  of  application  of  the  two-dimensional  shift 
array,  we  propose  the  pattern  rotating  memory  which  can  be 
useful  for  preprocessing  in  pattern  recognition. 

Pattern  rotating  memory  is  a  new  functional  device  in  which 
any  kind  of  two-dimensional  pattern  can  be  rotated  by  an 
arbitrary  angle.  Fig.  3  illustrates  the  principle  of  the  pattern 
rotating  memory.  The  principle  of  this  new  magnetic  bubble 
device  is  to  execute  a  coordinate  transformation  described  in 
(1)  and  (2)  by  combining  the  two-dimensional  shift  array  and 
bubble  detectors  arranged  obliquely  at  the  edge  of  the  array: 

X  =  x  -  y  tand  (1) 

Y  =  y  +  x  tand  -  y  tan2d  (2) 

where  {pc,  y)  are  the  coordinates  on  the  first  array  and  (X,  Y) 
are  the  coordinates  corresponding  to  (x,y)  on  the  third  array. 
6  is  the  angle  between  the  direction  of  the  detector  arrays  and 
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Fig.  5.  An  example  of  pattern  rotation  by  simulation. 


Fig.  3.  Principle  of  the  pattern  rotating  memory. 
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Fig.  4.  Block  diagram  of  an  arbitrary  angle  rotation. 


the  X  or  Y  axis.  In  Fig.  3,  a  character  T  is  illustrated  for  an  ex¬ 
ample.  By  clockwise  rotating  field,  the  character  T  is  shifted  to 
right  on  the  first  array,  detected  by  the  detector  array,  and 
written  to  the  second  array.  The  figure  is  modified  in  the  X 
direction  as  is  shown  in  Fig.  3.  Modified  figure  in  the  second 
array  is  now  shifted  downward  by  switching  the  direction  of 
rotating  field.  The  second  array  also  has  a  detector  array  ar¬ 
ranged  obliquely. 

Information  detected  are  written  to  the  third  array  by  gen¬ 
erator  array  of  the  third  array.  The  figure  T  is  also  modified  in 
Y  direction.  Through  the  whole  procedure,  the  original  pat¬ 
tern  is  rotated  by  an  angle  9. 

The  third  term  in  the  right  hand  side  of  (2)  is  a  distortion 
factor  caused  by  pattern  rotation.  The  distortion  factor  S  of  a 
rotated  pattern  resulting  from  this  term  is  given  by 


realized  with  only  one  two-dimensional  shift  array.  To  rotate 
the  pattern  by  an  arbitrary  angle,  there  are  two  techniques.  The 
first  is  to  use  only  one  array  having  a  small  fixed  rotating  angle. 
The  operation  is  repeated  according  to  the  desired  rotation 
angle.  The  second  is,  as  shown  in  Fig.  4,  to  use  selectively  the 
several  arrays  each  having  differently  weighted  rotating  angle. 
As  shown  in  Fig.  4,  these  arrays  are  connected  with  one  another 
by  the  common  bus  which  transfers  the  pattern  data  between 
them.  If  the  rotating  angle  of  the  arrays  are  weighted  by 
2n  (n  =  0  ~  n),  for  12  degree  rotation,  the  arrays  having  a 
rotating  angle  of  22  degree  and  23  degree  should  be  used. 

The  former  is  not  recommended  because  the  quantization 
distortion  caused  by  the  detector  arrangement  is  accumulative. 
The  distortion  of  a  rotated  pattern  caused  by  this  proposed 
technique  is  classified  into  three  kinds: 

1)  distortion  caused  by  linear  coordinate  transformation; 

2)  distortion  caused  by  digital  space  rotation; 

3)  distortion  caused  by  the  arrangement  of  bubble  detector 
arrays. 

But  through  computer  simulation,  we  recognized  that  these 
distortions  are  negligible  in  practice  if  the  rotating  angle  is  less 
than  20  and  bit  capacity  of  the  shift  array  is  larger  than  60 
X  60  bits.  Fig.  5  is  an  example  of  pattern  rotation  which  is 
simulated  with  30  X  30  bits  character  pattern. 
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2tan30  +  tan20  +  2tan0  +  2 

The  equation  gives  the  maximum  distortion  at  9  =  1.0  rad. 
The  principle  of  the  pattern  rotating  memory  was  explained 
with  three  arrays  in  Fig.  3,  but  in  practice  this  function  can  be 


REFERENCES 

[  1]  I.  Danylchuk  “Operational  Characteristics  of  103  bit  Garnet  Y-BAR 
Shift  Register”  J.  Appl.  Phys.  42,  1358,  March  1971. 

[2]  P.  I.  Bonyhard,  I.  Danylchuk  et  al.  “Application  of  Bubble  De¬ 
vices”  IEEE  Transaction  on  Magnetics,  Vol.  MAG-6,  No.  3,  Sept. 
1970. 


334 
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Laser  beams,  when  partially  absorbed  in  epitaxial  (Er2Eu1Gao.7Fe4.3O12)  magnetic  garnet 
films,  are  used  to  thermally  manipulate  bubble  and  strip  magnetic  domains.  Bubbles  and 
strips  can  be  created  or  annihilated,  as  well  as  captured  and  moved  about  freely  by  the  light 
spot,  without  the  use  of  magnetic  circuits.  Bubbles  can  be  arranged  in  fixed  arrays  or 
propagated  at  high  speeds.  A  novel  form  of  reversible  strip  domain  writing  is  demonstrated. 


This  letter  reports  the  first  observation  of  the  inter¬ 
action  of  laser  light  with  stable  magnetic  bubbles  and 
strip  domains  in  epitaxial  magnetic  garnet  films.  Prop¬ 
agating  cylindrical  bubble  domains  are  currently  being 
investigated  in  connection  with  various  memory  and 
logic  devices. 1  In  our  experiments  we  show  that  it  is 
possible,  using  laser  light,  to  create  and  annihilate 
bubble  domains,  as  well  as  to  trap,  move,  and  collide 
bubbles  at  high  speeds  without  using  circuits.  Laser 
light  can  also  create  strip  domains  and  manipulate  them 
reversibly  to  form  elaborate  patterns  in  a  novel  form  of 
domain  writing.  These  effects  are  thought  to  be  thermal 
in  nature  and  result  from  the  ability  of  the  laser,  when 
strongly  absorbed,  to  heat  localized  areas  of  the  film, 
as  well  as  to  cause  large  temperature  gradients.2  Tem¬ 
perature  changes  affect  the  stability  of  bubble  and  strip 
domains  or  even  render  the  material  nonmagnetic  when 
heated  above  the  Curie  temperature.  Temperature 
gradients  give  rise  to  forces  on  bubble  and  strip  domains 
that  are  analogous  to  those  caused  by  the  more  usual 
magnet  field  gradients.  Indeed,  in  connection  with  bub¬ 
bles,  Thiele  et  al. 3  discuss  the  possibility  of  moving 
stable  bubbles  with  temperature  gradients  from  lasers 
in  their  general  discussion  of  the  translational  forces  on 


bubbles  due  to  gradients  in  the  parameters  determining 
the  total  bubble  energy. 

In  most  experiments  we  used  TEM00~niode  514 5 -A  argon 
laser  light  focused  to  a  diameter  of  ~  5  ju.  to  interact 
with  magnetic  bubbles  in  the  3-  to  6-ju-diam  range  in 
3 - ju. -thick  epitaxial  (Er2Eu1Gao.7Fe4#3012)  garnet  films.4 
The  optical  absorption  of  these  films  at  5145  A  was 
~60%.  cw  experiments  varied  over  the  power  range 
0—150  mW,  which  was  the  burn  power.  In  some  cases, 
pulsed  or  chopped  light  with  larger  peak  powers  was 
used,  which  increases  the  gradients  achievable  and  re¬ 
sults  in  more  localized  heating. 

Annihilation  and  creation  of  bubbles  are  performed  with 
cw  powers  or  chopped  beams  of  ~  60— 140  mW.  To  anni¬ 
hilate,  one  simply  hits  the  bubble  with  the  beam.  This 
presumably  takes  the  bubble  beyond  the  stability  tem¬ 
perature  range5  or  even  heats  the  area  above  the  Curie 
point.  Bubbles  can  be  created  in  a  variety  of  ways.  One 
can  simply  cut  strip  domains  with  the  laser  and  nucle¬ 
ate  bubbles.  Also,  starting  with  a  single  bubble,  one 
can  split  it  in  two  by  hitting  the  area  adjacent  to  it  with 
the  beam.  Fission  occurs  out  to  a  distance  of  three  or 
four  bubble  diameters,  depending  on  the  power.  For 
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FIG.  1.  (a)  Bubble  pattern 
formed  by  manipulating  the 
bubbles  one  at  a  time  with 
the  laser  beam.  In  the  let¬ 
ters  BTL,  the  bubbles  are 
situated  at  about  the  mini¬ 
mum  spacing,  (b)  Trail  (i): 
Bubble  ring  with  11  bubbles 
made  by  capturing  the  bub¬ 
bles  on  a  rotating  light  beam. 
Trail  (ii) :  Single  trail  of 
bubbles  nucleated  from  a 
seed  bubble  dragged  along 
the  common  axis  by  a 
chopped  laser  beam.  Trail 
(iii) :  Double  trail  of  bubbles 
nucleated  from  a  seed  bubble 
(S)  being  dragged  along  be¬ 
tween  the  two  trails,  (c)  A 
chopped  light  beam  rotating 
in  a  circle  provides  trapping 
centers  for  an  array  of  bub¬ 
bles.  The  entire  pattern  can 
be  made  to  rotate  in  the 
sample. 


fission,  chopped  beams  are  somewhat  more  effective 
than  cw.  In  this  way,  dense  hexagonal  arrays  of  close - 
packed  bubbles  have  been  created.  We  have  also  looked 
for  creation  of  bubble  and  strip  domains  in  open  regions 
free  of  either  bubbles  or  strips  by  analogy  with  Curie  - 
point  writing xin  high-coercivity  material.6  Using  a 
laser  pulse  of  ~  120  mW  pulsed  on  for  ^  sec,  we  could 
create  a  network  of  strip  domains  emanating  from  the 
laser  spot  when  the  bias  field  was  below  the  stable  re¬ 
gime  for  bubbles.  At  higher  bias  fields,  we  were  un¬ 
successful  in  creating  stable  single  bubbles;  however, 
Geusic  reports  successful  creation  of  single  bubbles 
with  quite  short  pulses  in  other  garnet  films  over  the 
entire  range  of  bubble  stability. 7 

Bubbles  subjected  to  temperature  gradients  should  move. 
Motion  away  or  toward  the  region  of  higher  temperature 


is  possible.  It  may,  however,  depend  on  more  than  just 
the  relative  magnitudes  of  the  wall  energy  gradient  and 
the  magnetization  gradient  as  discussed  by  Thiele 
et  al., 3  because  of  the  presence  of  temperature -induced 
strain  gradients.  In  our  garnets,  we  find  repulsion  from 
the  laser -heated  spot  at  higher  cw  powers  (70—140  mW) 
and  attraction  at  lower  powers  (~  5—60  mW),  depending 
on  bias  field.  These  forces  can  cause  bubbles  to  jump 
either  away  from  or  into  the  laser  spot  from  several 
diameters  away.  When  operating  in  the  attractive  range, 
bubbles  trapped  by  the  light  beam  can  be  moved  at  will 
anywhere  in  the  sample  by  moving  the  laser  spot  relative 
to  the  sample.  Figure  1(a)  shows  a  pattern  of  bubbles 
created  by  manipulating  one  bubble  at  a  time.  This 
manipulation  suggests  the  possibility  of  recording  in¬ 
formation  at  high  densities  with  laser  techniques.  The  . 
maximum  velocity  at  which  bubbles  can  be  moved  in 
this  way  is  limited  by  the  thermal  time  constant  of  the 
material  or  the  inherent  mobility  of  the  sample.  Ex¬ 
perimentally,  velocities  of  at  least  50  cm/sec  have  been 
observed.  This  represents  the  maximum  we  could 
achieve  by  mechanically  rotating  a  beam  carrying  a 
bubble  through  a  700-M”diam  circular  orbit  at  200 
cycles/sec.  The  limitation  on  speed  based  on  the  esti¬ 
mated  time  constant2  of  0. 1—1  Msec  is  ~  1000—10  000 
cm/sec.  For  a  laser  power  of  ~  10  mW,  motion  at  this 
speed  represents  an  energy  expenditure  of  ~  10’8— 10"9 
J  for  a  two -bubble -diameter  displacement. 


It  was  further  found  that  the  rotating  beam  was  capable 
of  trapping  many  bubbles  on  its  circular  orbit  in  what 
we  call  bubble  rings.  Rings  are  formed  by  moving  the 
rotating  beam  so  as  to  collide  and  capture  successive 
bubbles.  As  the  beam  rotates,  it  carries  only  one  bubble 
at  a  time  until  it  collides  with  the  next  bubble  on  the 
ring.  In  this  collision  the  laser  drops  one  bubble  and 
picks  up  the  next,  and  so  on  around  the  ring.  If  the 
whole  orbit  is  slowly  displaced  in  the  sample,  the  beam 
moves  all  bubbles  on  the  ring  with  it  by  correcting  the 
position  of  each  bubble  successively.  In  Fig.  1(b),  trail 
(i)  shows  a  bubble  ring  with  11  capture  bubbles  photo¬ 
graphed  at  rest.  In  a  related  experiment  [see  Fig.  1(c)], 
we  formed  a  circular  pattern  of  19  light  spots  fixed  in 
space  by  chopping  the  rotating  beam  at  exactly  19  times 
the  rotation  rate.  Each  spot  acts  as  a  possible  trap  for 
a  bubble.  If  a  bubble  is  trapped  on  a  spot,  it  is  carried 
to  the  edge  of  the  spot  and  stops.  Thus,  we  can  form  a 
well-defined  array  of  bubbles  that  maintains  its  position 
in  the  light  pattern.  This  can  be  regarded  as  a  primitive 
shift  register  that  can  be  made  to  rotate  by  varying 
either  the  chopping  or  rotation  rate. 


In  Fig.  1(b),  trails  (ii)  and  (iii)  show  examples  of  a  more 
complex  bubble  generation  process  based  on  the  inter¬ 
action  of  a  so-called  seed  bubble  with  various  other 
surrounding  bubble  configurations.  Starting  with  two 
adjacent  bubbles,  a  chopped  laser  beam  captures  one  of 
them  as  a  seed  and  drags  it  along  their  common  axis. 
Trail  (ii)  shows  the  resulting  trail  of  bubbles  that  emerge 
from  the  seed  bubble  at  roughly  fixed  intervals.  If  the 
seed  is  dragged  at  45°  to  the  axis  between  two  bubbles, 
a  double  trail  of  bubbles  is  successively  nucleated  on 
either  side  of  the  seed,  as  seen  in  trail  (iii). 
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(a) 


(b) 
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FIG.  2.  (a)  and  (b)  Strip  domain  patterns  formed  by  pulling  on  the  center  of  a  strip  domain  with  a  laser.  As  the  laser  is  moved,  the 
strip  is  stretched  out  to  leave  a  double  trail  behind  it.  (c)  Strip  domain  pattern  formed  by  pulling  on  the  free  end  of  a  strip  domain. 
As  the  laser  is  moved,  the  strip  is  stretched  out  to  leave  a  single  trail  behind  it. 


In  the  above  manipulations,  we  occasionally  observed 
differences  in  the  ability  of  the  laser  to  move  bubbles  in 
different  areas  of  the  sample.  This  might  provide  a  use¬ 
ful  way  of  testing  bubble  samples  for  uniformity  prior  to 
fabrication  of  conventionrl  magnetic  circuits. 

The  laser  is  also  capable  of  other  operations  which  may 
conceivably  be  useful  in  bubble  technology .  For  example, 
by  adjusting  the  laser  power  one  can  create  an  array  of 
minute  burn  spots  in  the  sample  that  are  smaller  than  a 
bubble  and  act  as  pinning  centers  for  bubbles.  It  was 
still  found  to  be  possible  to  remove  bubbles  from  these 
centers  with  a  laser. 

Various  manipulations  with  strip  domains  are  also  pos¬ 
sible.  Starting  with  a  bubble  trapped  on  a  beam,  one 
can  nucleate  a  short  strip  domain  by  lowering  the  bias 
field  somewhat.  By  moving  the  beam  at  right  angles  to 
the  strip,  one  can  pull  out  the  center  of  the  strip  and 
stretch  it  out  into  a  hairpin -shaped  domain  which  will 
remain  if  the  beam  is  removed.  By  moving  the  beam 
about,  one  can  extend  the  hairpin  pattern  and  generate 
fairly  elaborate  patterns,  as  seen  in  Fig.  2(a).  At  the 
high -bias  side  of  the  stable  strip  regime,  one  can  go 
back  and  erase  the  strip  pattern  with  the  laser  by 
shrinking  it  in  reverse.  At  the  lower  biases,  the  pat¬ 
tern  can  be  extended  but  is  not  erased  when  the  light 
trajectory  is  reversed.  This  absence  of  erasure  per¬ 
mits  a  form  of  script  writing,  as  seen  in  Fig.  2(b). 
Figure  2(c)  shows  how  one  can  pull  on  the  free  end  of  a 
freshly  nucleated  strip  domain  and  stretch  it  out  into  a 
single-strip  domain  pattern.  All  forms  of  strip  domain 
writing  are  limited  by  the  inability  to  cross  connect 


domains.  In  any  collision  of  line  domains,  the  laser 
drops  one  line  domain  and  picks  up  the  next. 

Many  of  the  above  effects  were  observed  with  6328, 

4880,  and  4765  A  in  rough  proportion  to  the  power  ab¬ 
sorbed.  With  the  laser  spot  diameter  reduced  to  ~  1. 0  /!, 
laser  trapping  was  observed  with  an  order -of -magnitude 
less  power  than  with  a  5-M  spot  (i .  e. ,  ~0.  5  mW).  No 
doubt,  improved  performance  can  be  achieved  for  par¬ 
ticular  effects  by  optimizing  the  choice  of  materials. 

It  remains  to  be  seen  if  laser  techniques  will  play  any 
practical  role  in  bubble  technology,  although  they  clear¬ 
ly  seem  to  have  some  unique  capabilities  which  might 
be  exploited. 
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We  report  for  the  first  time  switching  and  modulation  of  light  in  a  magneto-optic  waveguide 
that  is  a  single-crystal  epitaxially  grown  iron-garnet  film.  These  experiments  involve  the 
Faraday  rotation  of  the  magnetic  film  and  the  motion  of  magnetization  in  the  plane  of  the 
film.  We  have  modulated  light  from  a  1. 152-jnm  laser  up  to  80  MHz.  We  were  also  able  to 
switch  light  between  two  waveguide  modes  by  applying  a  magnetic  field  as  small  as  0.  2  Oe. 


In  an  earlier  letter,  1  some  of  the  present  authors 
(P.K.T.,  R.J.M.,  and  S.L. B.)  and  their  co-workers 
discussed  light -wave  propagation  in  magneto-optic 
waveguides  which  are  single -crystal  iron -garnet  films 
epitaxially  grown  on  gallium -garnet  substrates.  We  re¬ 
port  the  use  of  these  waveguides  for  switching  and 
modulation  of  light.  Because  of  the  waveguide  modes, 
the  method  used  here  differs  considerably  from  that  of 
bulk  magneto -optic  modulators2;  some  of  the  novel  fea¬ 
tures  may  be  seen  from  the  following  observations :  (i) 
We  used  a  novel  serpentine  electric  circuit  to  produce 
a  rf  magnetic  field  for  modulation.  The  circuit  has  an 
inductance  less  than  0. 1  juH  and  thus  offers  the  possibil¬ 
ity  of  base -band  modulation  with  very  wide  bandwidth 
and  low  modulation  powers.  Experimentally,  modulation 
up  to  80  MHz  has  been  obtained.  As  the  experiment  was 
limited  by  the  speed  of  the  detector,  modulation  at  con¬ 
siderably  higher  frequencies  is  still  possible,  (ii)  In  one 
experiment,  we  switched  light  between  two  waveguide 
modes  by  simply  rotating  a  small  magnet.  The  magnet 


produced  a  field  of  only  0.2  Oe  at  the  crystal  film,  which 
is  considerably  smaller  than  the  typical  magnetic  field 
for  the  earth  of  0.  6  Oe. 

The  experimental  arrangement  is  shown  in  Fig.  1.  Here, 
the  circular  disk  is  a  Y3Gai  iSc0  4Fe3  5012  film  grown  on 
a  {1,  1,  1}  Gd3Ga5012  substrate.  The  mismatch  in  lattice 
constant  and  thermal  expansion  between  the  film  and 
substrate  was  used  to  induce  a  magnetic  anisotropy  with 
the  easy  axis  parallel  to  the  film.  Consequently,  the 
magnetization  vector,  M,  can  be  rotated  rather  freely 
within  the  plane  of  the  film  by  a  small  magnetizing 
field.  The  47rM.of  the  film  is  600  G.  The  in-plane 
anisotropy  field  is  <  1  Oe  and  the  out -of -plane  anisotropy 
field  is  620  Oe  (largely  shape  anisotropy).  Two  prism 
film  couplers  are  used  to  couple  light  into  and  out  of  the 
film.  In  our  coordinate  system,  the  film  is  in  the  xy 
plane  and  the  light  wave  propagates  in  the  film  along  the 
#  axis.  Between  the  two  couplers,  a  small  serpentine 
electrical  circuit  fabricated  by  the  usual  photolitho- 
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FIG.  1.  Experimental  arrangement  of  a  magneto-optic  switch 
or  modulator. 


graphic  techniques  is  placed  closely  in  contact  with  the 
film  to  ensure  full  utilization  of  the  magnetic  field  it 
produces.  The  light  from  a  1. 152 -Mm  He -Ne  laser  is 
coupled  into  the  film  as  the  m  =  0  TM  (or  TE)  waveguide 
mode.3  As  the  light  wave  propagates  in  the  film,  it  is 
converted  into  the  m  =  0  TE  (or  TM)  waveguide  mode  be¬ 
cause  of  the  magneto -optic  effect  (or  Faraday  rotation). 
Except  for  a  very  thin  film,  the  magneto -optic  effect  is 
proportional  to  the  component  of  M  in  the  direction  of 
light  propagation  (along  the  x  axis).  In  the  modulation 
experiment,  a  dc  magnetic  field  is  applied  at  45°  be¬ 
tween  the  x  and  y  axes,  and  the  rf  magnetic  field  pro¬ 
duced  by  the  serpentine  circuit  is  in  the  x  direction.  As 
the  current  in  the  circuit  increases  and  decreases  at 
the  radio  frequency,  M  tilts  toward  or  away  from  the 
x  axis.  This  motion  of  M  increases  or  decreases  the 
magneto -optic  effect,  which  serves  as  the  coupling  be¬ 
tween  the  TM  and  TE  modes.  Consequently,  the  inten¬ 
sities  of  the  two  modes,  as  observed  at  the  output 
prism,  are  modulated  according  to  the  current  in  the 
circuit.  The  dc  field  is  necessary  to  ensure  the  return 
of  the  magnetization  vector  to  the  equilibrium  position 
at  the  zeros  of  the  rf  field.  We  use  rutile  prisms  which 
are  highly  birefringent.  The  TM  and  TE  waves  enter 
into  the  prisms  as  the  ordinary  and  extraordinary  rays, 
respectively.  Thus,  the  two  waves  emerge  from  the 
output  prism  as  two  beams  separated  by  an  angle  of 
20°  11'. 

Basically,  modulation  and  switching  of  light  involve  the 
same  principle.  For  switching,  however,  two  circuits 
should  be  used  to  produce  fields  parallel  to  the  x  and  y 


axes,  respectively.  One  circuit  is  used  to  maximize 
the  TM-TE  conversion,  and  the  other  circuit  is  used  to 
inhibit  it.  Consequently,  we  expect  that  a  light  wave 
emerges  from  the  output  prism  and  that  it  switches  be¬ 
tween  two  directions  as  we  drive  the  two  circuits 
alternately. 

Let  the  TM  and  TE  waves  propagate  in  the  film  as 
exp (iPMx)  and  exp(i/3E#),  respectively.  We  have  then 

*"Af.  (1) 

We  use  a  film  3.  5  Mm  thick.  The  refractive  index  of  the 
film,  nu  is  2. 1164.  The  film  has  five  TM  and  five  TE 
modes.  For  the  m  =  0  modes,  PM  =  2. 10942&  and 
=  2. 10988&.  We  have  Aj3=  0. 00045fe,  or  24. 7  rad/cm, 
where  k=2ir/x0  and  X0  is  the  laser  wavelength  in 
vacuum. 

In  a  magnetic  film,  Ez  of  the  TM  wave  is  coupled  to  Ev 
of  the  TE  wave  through  the  off-diagonal  elements  ±i&  of 
a  dielectric  tensor,  4  which  depends  on  the  x  component 
of  M.  We  shall  consider  two  cases:  (i)  M  is  in  the  x 
direction  and  is  uniform  over  the  sample.  Then 

±i6  =  ±2in\9/knh  (2) 

where  9  is  the  optical  rotation.  If  we  take  9  of  Y3Fe5012 
to  be  280°/cm, 5  a  calculation  on  the  number  of  iron 
ions  in  octahedral  sites  indicates  9 =  208°/c.m  or  3.62 
rad/cm  for  the  composition  of  our  film,  which  is 
smaller  than  the  A /3  quoted  earlier,  (ii)  When  the  ser¬ 
pentine  circuit  is  used,  it  provides  a  magnetizing  field 
in  the  x  direction,  which  varies  periodically  in  x.  The 
circuit  spatially  modulates  both  the  magnetization  and 
6  as 

±i§  =  ±i<x{2n\9/kn^  cos(A/3#),  (3) 

where  a?  is  the  depth  of  the  spatial  modulation  in  M. 

In  the  first  case,  a  uniform  M  provides  a  constant 
coupling  along  x  between  the  TM  and  TE  waves.  Since 
the  TM  wave  propagates  faster  than  the  TE  wave 
(ft/  <  Ae),  the  phase  difference  between  the  two  waves 
increases  linearly  with  x.  Let  us  divide  the  distance  in¬ 
to  equal  sections  at  the  points  xh  x2 ,  xz,  . . . ,  so  that  the 
phase  difference  of  the  waves  increases  by  180°  be¬ 
tween  any  two  neighboring  points.  We  then  observe  that 
since  A0>  0,  power  is  converted  from  TM  to  TE  in  the 
first  section,  from  TE  to  TM  in  the  next  section,  and 
so  on.  Because  the  power  transfer  reverses  at  every 


FIG.  2.  Oscilloscope  traces  of  the  modulation  experiment:  (a)  and  (b)  60-Hz  modulation;  (c)  44-MHz  modulation. 
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other  section,  the  maximum  power  conversion  attain¬ 
able  is  small.6  Indeed,  a  calculation  based  on  the 
coupled -mode  theory  shows  it  is  02/[  (A/3/2)2  +  02],  which 
for  the  values  of  A/3  and  6  given  above  amounts  to  only 
a  few  percent  of  the  combined  TM  and  TE  power. 

On  the  other  hand,  this  frequent  reversal  of  power 
transfer  described  above  can  be  avoided  if  and  only  if 
we  can  alternate  the  signs  of  the  wave  coupling  from  one 
section  to  the  next.  This  is  accomplished  in  the  second 
case  by  using  a  serpentine  circuit.  For  this  purpose,  the 
period  of  the  serpentine  structure  must  be  27t/A/3,  where 
A/3  is  given  in  Eq.  (1).  A  theory  based  on  the  spatially 
varied  coupling  shows,  indeed,  that  in  this  case  power 
is  converted  continuously  in  all  the  sections  from  TM  to 
TE  (or  from  TE  to  TM)  until  all  the  TM  (or  TE)  power 
is  converted.  Starting  with  a  TM  power  equal  to  unity 
at  x=0,  the  converted  TE  power  varies  as  sin2(a0#/2) 
along  x.  We  used  a  circuit  of  six  conducting  paths.  It 
occupies  a  space  of  6  mm  between  two  prisms  that  are 
8  mm  apart.  If  we  take  ol  =  0.  8  and  x  —  0.  6,  the  calcu¬ 
lated  conversion  is  62%.  Experimentally,  by  feeding 
0.  5  A  dc  into  the  circuit,  we  measured  a  conversion  of 
52%. 

The  earth’s  magnetic  field  is  about  0.6  Oe  in  New 
Jersey.  However,  because  of  the  steel  panels  used  in 
the  building,  the  x  component  of  the  earth’s  field  mea¬ 
sured  in  our  laboratory  is  only  0. 03  Oe,  which  may  be 
neglected.  Several  crystal  films  were  used  in  our  ex¬ 
periments;  they  produced  similar  results.  In  the  first 
experiment  we  tested  switching  between  the  TM  and  TE 
m  =  0  modes  by  simply  moving  a  small  bar  magnet 
which  produced  a  reasonably  uniform  field  at  the  film. 
When  the  magnet  was  close  to  the  sample,  producing  a 
field  in  the  x  direction  larger  than  20  Oe  or  so,  the 
TM-TE  conversion  was  only  a  few  percent,  as  predicted 
by  the  theory.  However,  when  the  magnet  was  moved  to 
a  distance  of  about  15  in.  from  the  film  and  produced  a 
field  of  only  about  0. 2  Oe  at  the  sample,  the  TM-TE 
conversion  increased  to  more  than  40%  and  the  conver¬ 
sion  depended  critically  on  the  position  and  the  orienta¬ 
tion  of  the  magnet.  By  rotating  the  magnet  near  this 
optimum  position,  the  conversion  could  be  varied  by  a 
ratio  of  10:1.  The  large  conversion  observed  in  such  a 
small  magnetic  field  is  not  understood.  One  possible 
explanation  is  that  domains  are  formed  in  the  film  when 
the  total  magnetic  field  is  small,  and  the  resulting 
pattern  of  M  may  be  similar  to  that  produced  by  the  ser¬ 
pentine  circuit.  These  domains  are  difficult  to  observe 
directly,  since  M  is  in  the  plane  of  the  film. 


In  the  second  experiment,  we  modulated  light  at  60  Hz. 

A  dc  field  of  1  Oe  produced  by  an  electromagnet  was 
applied  at  45°  between  the  x  and  y  axes.  The  serpentine 
circuit  discussed  in  the  theory  was  used  to  carry  the  rf 
current.  It  was  computed  that  1  A  of  the  current  in  the 
circuit  should  produce  a  peak  field  of  6  Oe.  Figures 
2(a)  and  2(b)  show  the  oscilloscope  traces  observed  in 
the  experiment.  The  top  trace  in  each  figure  is  the 
current  (2  A/cm)  carried  in  the  circuit.  The  lower  trace 
is  the  intensity  of  the  TE  wave  (5  mV/cm)  detected  * 
from  the  output  prism  by  a  photomultiplier  as  the  result 
of  the  TM-TE  conversion;  it  shows  the  modulation  of 
the  wave.  The  horizontal  trace  near  the  center  is  the 
base  line  of  the  TE  signal  and  the  lower  horizontal 
trace  is  the  dc  TE  output.  The  latter  was  detected  when 
the  rf  circuit  was  removed  from  the  film.  In  Fig.  2(a), 
when  the  current  was  0.  2  A,  the  modulation  on  the  TE 
wave  was  sinusoidal.  However,  as  the  current  was  in¬ 
creased  to  1  A  in  Fig.  2(b),  the  waveform  of  the  modula¬ 
tion  was  distorted  because  of  saturation  of  M.  The  com¬ 
bined  TM  and  TE  output  was  60  mV.  Thus,  the  dc  TM- 
TE  conversion  in  Fig.  2(b)  was  15%  and  the  modulation 
ratio  was  50%.  In  the  third  experiment,  we  modulated 
light  from  2  to  80  MHz,  using  a  100-mW  signal  genera¬ 
tor.  Figure  2(c)  shows  the  current  (5  A/cm)  and  the 
modulated  TE  signal  (5  mV/cm)  at  44  MHz.  The  horizon¬ 
tal  scale  is  5  nsec/cm.  The  current  in  the  circuit  was 
adjusted  so  that  saturation  in  modulation  was  just  about 
to  occur.  The  detector  used  was  a  photomultiplier  with 
a  speed  of  about  2  nsec,  and  thus  limited  the  modulation 
to  80  MHz. 

In  conclusion,  we  have  demonstrated  a  thin -film  mag¬ 
neto-optic  switch  or  modulator  which  may  be  an  impor¬ 
tant  building  block  of  integrated  optics.  Excellent 
epitaxial  garnet  films  have  opened  new  possibilities  of 
magneto -optic  devices. 
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New  Types  of  Magnetic  Domain 
Structure  in  Orthoferrite 

HARUO  URAI,  KOICHI  YOSHIMI,  SHOZO  FUJIWARA,  AND  TAKASHI  FURUOYA 


Abstract  —  Mutual  interaction  of  domains  in  bubble 
materials  causes  new  types  of  domain  structure.  These 
structures,  which  are  observed  in  an  orthoferrite  platelet,  are 
classified  into  five  categories:  1)  periodic  bubble  domains  in 
the  valleys  of  a  wavy  wall;  2)  coexistence  of  positive  and 
negative  bubbles  on  both  sides  of  a  wavy  wall;  3)  bubbles 
within  a  ring  domain;  4)  concentric  ring  domains;  and  5)  co¬ 
existence  of  positive  and  negative  bubbles. 

Experimental  observations  by  means  of  magnetooptical 
effect  were  performed  to  investigate  the  stabilities,  con¬ 
trollabilities,  and  physical  properties  of  the  domains.  The 
domain  structures  3),  4),  5)  are  stable  even  in  zero  bias  field 
and  the  structures  1),  2),  3),  5)  can  be  transferred  without 
changing  the  configuration. 

INTRODUCTION 

Since  an  application  of  cylindrical  domains  to  memory 
devices  was  proposed  in  1967  [1] ,  magnetic  domain  structures 
have  been  studied,  especially  in  single-crystal  platelets  having 
their  easy  direction  of  magnetization  normal  to  the  platelet. 
Among  several  domain  structures,  the  bubble  domain  is 
extensively  investigated  in  relation  to  device  application. 

De  Jonge  and  Druyvesteyn  [2]  reported  that,  when  many 
bubbles  are  generated  in  a  platelet,  a  hexagonal  close-packed 
structure  is  formed  by  bubbles  because  of  bubble -bubble 
interaction.  The  hexagonal  bubble  lattice  is  stable  even  if 
Hz  is  reduced  to  zero,  and  it  changes  gradually  into  a 
honeycomb  structure  when  Hz  is  lowered  below  zero.  Domain 
structures,  called  ring  bubbles,  are  also  reported  [3],  [4]. 
This  structure  is  stable  within  the  range  of  a  certain  Hz , 
which  is,  however,  smaller  than  that  of  the  bubble  domain. 

In  a  uniform  gradient  field,  Hagedorn  observed  a  wavily 
deviated  domain  wall  at  a  relatively  low  gradient  field  [5]. 
The  domain  wall  is  obtained  when  the  magnetic  field 
gradient  is  lower  than  a  threshold  value,  above  which  the  wall 
changes  into  a  straight  one.  Kurtzig  found  a  domain  structure 
consisting  of  a  bubble  domain  and  a  straight  single  wall  in 
researching  bubble  material  defects  [6] . 

Similar  experiments  have  been  performed  and  several 
categories  of  magnetic  domain  were  found  in  both  uniform 
and  uniform  gradient  fields  in  orthoferrite  platelets.  In  a 
uniform  gradient  field,  these  are  1)  periodic  bubble  domains 
in  the  valleys  of  a  wavy  wall,  and  2)  coexistence  of  positive 
and  negative  bubbles  on  both  sides  of  a  wavy  wall.  In  a  uni- 
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form  bias  field,  they  are  3)  bubbles  within  a  ring  domain,  4)  con¬ 
centric  ring  domains,  and  5)  coexistence  of  positive  and 
negative  bubbles.  This  paper  describes  some  observed  proper¬ 
ties  of  these  domain  structures. 

EXPERIMENT 

Materials  used  in  this  experiment  are  YFeC>3  and  TbFeC>3 
platelets  grown  by  floating  zone  technique  [7],  cut  normally 
to  the  c  axis,  and  polished  and  annealed  at  1400°C  for  10 
hours.  The  thickness  is  about  60  p.m  and  the  shapes  are 
rectangular  with  8  mm  and  25  mm  sides  and  a  7  mm  diameter 
disk,  respectively,  for  YFe03  and  TbFeC>3  platelets.  Coercive 
force  in  these  platelets  is  less  than  0.1  Oe.  The  overlay  for 
domain  generation  was  made  by  the  usual  photolithographic 
and  chemical  etching  method,  using  1.0  jum  Permalloy  film. 
The  coercive  force  of  the  film  was  1.4  Oe. 

A  uniform  gradient  field  was  obtained  by  electromagnets 
similar  to  the  one  used  by  Kurtzig  [6].  The  maximum  field 
gradient  obtainable  was  about  4500  Oe/cm,  and  the  uniformity 
was  good.  The  platelet  was  set  with  the  a  axis  or  b  axis 
parallel  to  the  x  direction,  to  which  the  magnetic  field  had  a 
gradient  (3.  Magnetic  domain  structures  were  observed  by 
means  of  the  Faraday  effect,  using  a  commercial  polarizing 
microscope. 

RESULTS  AND  DISCUSSION 
A.  Domain  Structures  in  a  Uniform  Gradient  Field 

Domain  structures  observed  in  YFe03  in  a  gradient  field 
are  shown  in  Fig.  1.  Structure  (a)  has  a  periodic  configuration 
of  bubbles  in  valleys  of  a  wavy  wall,  and  (b)  has  that  of 
positive  and  negative  bubbles  on  both  sides  of  a  wavy  wall. 
These  domain  structures  can  be  obtained  by  dexterous  use 
of  the  edge  effect  of  a  platelet. 

The  procedure  to  obtain  structure  (a)  is  as  follows:  First, 
a  single  wavy  wall  having  small  amplitude  is  formed  by 
putting  the  platelet  into  a  certain  gradient  field.  When  |5  is 
decreased,  the  amplitude  of  the  wavy  wall  becomes  larger 
and  the  wall  turns  to  a  comb-like  pattern  (Fig.  2-a).  By 
moving  the  line  Hz  -  0  in  the  x  direction  over  the  edge  of 
the  platelet,  the  platelet  is  magnetized  to  an  almost  single 
domain,  except  at  an  edge  point.  The  coercive  force  of  the 
edge  is  so  high  that  reverse  domain  nuclei  remain  at  the  edge. 
When  the  line  Hz  =  0  returns  to  the  edge,  a  strip  domain 
appears  close  to  the  edge  (Fig.  2-b)  and  becomes  wavy  at  a 
certain  position  (Fig.  2-c).  As  the  line  Hz  =  0  goes  through  the 
edge  and  shifts  toward  an  inner  part  of  the  platelet,  the  domain 
between  the  edge  and  wavy  strip  changes  into  a  teardrop 
shape  (Fig.  2-d).  As  j3  is  further  increased,  the  tails  which 
are  trapped  by  the  edge  become  thinner  (Fig.  2-e),  and,  at  a 
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Fig.  1.  Two  types  of  domain  structure  in  gradient  bias  Field,  (a)  Periodic 
bubbles  in  valleys  of  a  very  wall,  (b)  Positive  and  negative  bubbles 
on  two  sides  of  a  wavy  wall. 


Fig.  2.  Growth  steps  of  periodic  bubbles  in  gradient  bias  field. 
“Arrow  E”  shows  a  sample  edge,  and  “arrow  Hz”  the  position  of 
line  Hz  =  0. 


critical  /?,  these  teardrops  are  cut  away  from  the  edge  and 
reduced  to  the  bubbles  in  respective  valleys  of  the  wavy  wall 
(Fig.  2-f).  It  was  found  that  it  was  essential  to  make  the  strip 
domain,  shown  in  Fig.  2-b,  in  order  to  obtain  the  new  type 
of  domain  structure. 

The  condition  necessary  to  obtain  the  domain  structure  (a) 
from  the  strip  domain  is  shown  in  Fig.  3.  The  diagram  in 
Fig.  3  was  determined  by  observing  the  domain  structure  when 
the  field  gradient  (3  was  increased  at  various  position  of  the 
line  Hz  =  0. 

The  essential  strip  domain  as  shown  in  Fig.  2-b  can  be 
obtained  in  region  A  of  Fig.  3.  In  region  B,  one  can  observe 
a  wavy  strip  domain  (Fig.  2-c)  and/or  a  teardrop  type  domain 
(Fig.  2-d  and  e).  The  periodic  bubble  domain  structure  is 
stable  in  region  C ,  which  is  remarkably  wide.  In  any  region 
below  region  A ,  the  sample  appears  to  be  magnetized  into  a 
single  domain.  The  dotted  regions  are  those  of  transition 
states  from  one  type  of  domain  structure  to  another.  The 
transition  regions  are  wide  because  of  nonuniformity  of  edge 
coercivity.  The  reproducibility  of  obtaining  new  domain 
structure  (a)  is  very  good.  When  /?  is  decreased  below  a 
critical  (3C,  after  collapse  of  periodic  bubbles,  a  wavy  domain 
wall  is  obtained,  as  reported  by  Hagedorn  [5] .  The  values  of 
critical  (3C  for  various  positions  of  the  Hz  =  0  line  are  plotted 
and  shown  by  a  dashed  line  in  Fig.  3. 

The  stability  of  this  domain  configuration  is  considered 
qualitatively.  When  a  uniform  gradient  field,  Hz  =  (3x 
(j3>0),  is  applied  to  a  bubble,  the  force  from  Hz  makes  the 
bubble  move  along  the  negative  direction  of  x  and  makes  the 
bubble  radius  contract  if  the  position  x  is  positive.  This 
force  along  the  radius  direction  is  proportional  to  the  bubble 
position  x.  As  the  bubble  moves  in  the  negative  direction  of 
x,  the  bubble  radius  increases  and,  at  last,  runs  out  into  a  strip 
domain.  However,  a  planar  domain  wall  actually  exists  on  the 
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Fig.  3.  Stable  regions  for  a  strip  domain  near  an  edge  (A),  a  wavy 
strip  and  teardrops  (B),  periodic  configuration  of  bubbles  (C),  a  wavy 
single  domain  wall  (D),  and  a  straight  single  wall(E).  Dashed  line 
shows  the  critical  field  gradient  at  which  a  straight  single  wall 
turns  to  a  wavy  one.  The  position  of  the  line  Hz  =  0,  L,  is 
measured  from  the  sample  edge.  The  sign  of  L  is  positive  when 
the  line  Hz  =  0  is  inside  the  sample. 

line  Hz  =  0  and  a  force  from  a  half-plane  bounded  by  the  wall 
works  on  the  bubble  to  move  it  in  the  opposite  direction  and 
contract  the  radius.  This  force  decreases  as  the  distance 
between  the  bubble  and  the  wall  increases.  Therefore,  the 
bubble  can  be  stable  at  a  suitable  distance  and  a  certain 
radius,  where  these  two  forces  due  to  an  external  field  and  a 
half-plane  in  the  sample  balance  equally.  The  stable  distance 
is  experimentally  almost  independent  of  the  field  gradient  in 
a  rather  high  gradient  field. 

At  a  sufficiently  high  field  gradient,  the  force  in  the  radius 
direction  from  the  external  field  is  so  great  that  the  bubble 
is  no  longer  stable  in  that  direction  and  the  bubble  collapses. 
It  is  reasonable  that  the  bubble  radius  decreases  with  the 
increase  of  the  field  gradient.  The  domain  structure  (b)  is 
obtained  by  almost  the  same  methods  as  (a),  changing  the 
field  gradient  (3  rapidly  from  positive  to  negative. 

The  dependences  of  bubble  diameter  D,  period  X,  and 
amplitude  A  (peak  to  peak)  of  a  wavy  wall  on  the  field 
gradient  (3  are  plotted  and  shown  in  Fig.  4.  With  the  in¬ 
crease  of  0,  the  bubble  diameter  and  amplitude  of  a  wavy 
wall  in  both  case  (a)  and  (b)  decrease  in  the  same  way  as 
shown  in  the  curves  and  A\  in  Fig.  4,  respectively,  for 
case  (a).  At  a  critical  (3Cf  the  bubbles  collapse  and  the  wavy 
wall  turns  into  a  straight  single  wall.  The  critical  gradient 
I %  is  about  500  Oe/cm  and  is  about  twice  as  large  as  that  of  a 
single  wavy  wall  (3c0  of  250  Oe/cm.  The  bubble  diameter  at 
Pc  is  about  80  #m  for  (a)  and  90  jJim  for  (b). 

The  dependence  of  X  on  differs  from  case  (a)  to  case  (b). 
With  the  increase  of  /?,  X2 ,  the  period  of  case  (b)  decreases 
gradually,  while  Xi  for  case  (a)  and  Xq  for  a  single  wavy  wall 
are  almost  constant.  It  is  interesting  to  point  out  that  X2  and 
Xj  are  about  three  times  and  twice  X0,  respectively. 

These  types  of  domain  structures  can  be  propagated  with¬ 
out  changing  the  configuration  when  the  line  Hz  =  0  of  thq 
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FIELD  GRADIENT  0  (Oe/cm) 

Fig.  4.  |3  dependences  of  wavy  period  bubble  diameter  D,  and 
wavy  amplitude  A  (peak  to  peak)  of  three  structures  in  uniform 
gradient  magnetic  field.  Suffixes  (0),  (1),  and  (2)  indicate  a  simple 
wavy  wall,  one  side  type  periodic  bubbles,  and  both  sides  type 
bubbles,  respectively,  (3Co  and  (3C  are  the  threshold  values  at 
which  a  simple  wavy  wall  and  wavy  walls  with  bubbles  change  into 
a  straight  single  wall,  respectively. 

gradient  field  is  shifted  to  the  x  direction.  As  propagation  of 
bubbles  is  affected  by  platelet  defects,  the  influence  of 
defects  on  bubbles  can  be  seen  directly  by  sweeping  the 
domain  configuration.  This  gives  us  a  new  method  of  finding 
defects  in  the  platelet  without  using  a  magnetic  probe  [8] . 


Fig.  5.  Concentric  ring  domains  in  YFe03  in  a  uniform  bias  field, 
(a)  Hz  =  30  Oe.  (b)  Hz  =  40.6  Oe.  (c)  Hz  =  43.6  Oe.  (d)  Bubbles 
encircled  by  ring  domain  at  Hz  =  32.7  Oe  generated  by  a  hex- 
apetalous  Permalloy  generator,  whose  maximum  diameter  is 
1.24  mm. 
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B.  Domain  Structures  in  a  Uniform  Bias  Field 

New  domain  structures  observed  in  a  uniform  bias  field  in 
orthoferrite  platelets,  such  as  YFeC>3  and  TbFeC>3,  are  shown 
in  Figs.  5  to  7.  These  structures  consist  of  concentric  ring 
domains  (Fig.  5-a),  bubbles  encircled  by  a  ring  domain 
(Fig.  6-a),  and  bubbles  which  are  magnetized  in  the  positive 
and  negative  direction  with  reference  to  one  another  in  the 
same  platelet  (Fig.  7 -a). 

These  domain  structures  can  be  obtained  utilizing  a 
Permalloy  overlay  that  is  magnetized  by  an  in-plane  rotating 
field  of  1  kHz.  The  driving  field  frequency  is  not  necessarily 
a  decisive  value.  A  helical  strip  domain  is  formed  around  the 
Permalloy  pattern  at  a  lower  bias  field.  When  the  in-plane 
rotating  field  is  increased  to  about  40  Oe,  the  helical  strip 
domain  is  cut  off  and  reduces  to  concentric  ring  domains.  Once 
the  ring  domains  are  formed,  the  structure  is  preserved 
evenly  at  Hz  =  0,  as  shown  in  Fig.  5-a.  In  this  case,  the  hexa- 
petalous  Permalloy  ring  pattern  is  enclosed  with  concentric 
ring  domains.  As  Hz  is  increased,  the  innermost  rings  collapse 
one  by  one  and  the  number  of  the  rings  decreases,  as  shown 
in  Figs.  5-b  and  5-c.  The  Hz-Hr  region,  in  which  only  one  ring 
domain  remains  stable,  is  denoted  “ring  domain”  in  Fig.  8. 

It  has  been  found  that  the  bubbles  can  be  generated 
utilizing  the  same  hexapetalous  Permalloy  ring  pattern  when 
a  bias  field  is  vibrated  at  a  field  amplitude  of  about  3  Oe. 
The  regions  in  which  the  bubbles  are  generated  are  denoted 
“generation  1,  2,  3”  in  Fig.  8.  It  is  essential  to  vibrate  the 
bias  field  in  order  to  generate  the  bubble  domains.  Combining 


Fig.  6.  Encircled  bubbles  generated  by  a  usual  Permalloy  generator, 
(a)  An  Isolated  ring,  (b)  Connected  rings. 


Fig.  7.  Coexistence  of  positive  and  negative  bubbles  at  Hz  =  0  in 
(a)  TbFe03  and  (b)  YFe03  generated  by  a  hexapetalous  generator, 
and  (c)  successive  generation  by  a  usual  one. 

the  two  procedures  described  above,  one  can  obtain  the 
bubbles  encircled  by  a  ring  domain,  as  shown  in  Fig.  5-d. 
When  the  procedures  are  repeated,  the  concentric  ring  domains 
containing  the  bubbles  between  the  rings  are  created. 

A  ring  domain  or  ring  domains  which  contain  the  bubbles 
inside  them  can  be  obtained  if  a  modified  bubble  generator  is 
used,  similar  to  the  usual  Permalloy  generator  described  by 
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Fig.  8.  Generation  margins  of  bubbles  and  ring  domains  by  a  hex- 
ape  talous  Permalloy  generator. 

Fischer  [9].  Once  the  domains  are  constructed  by  the 
generator,  they  can  be  moved  in  a  platelet  away  from  Permal¬ 
loy  overlays,  in  contrast  to  the  case  of  a  hexapetalous 
Permalloy  generator  (Fig.  6-a).  The  essential  factor  for  creating 
the  isolated  rings  or  bubbles  by  means  of  the  Permalloy 
generator  is  a  vibrating  bias  field  with  a  small  amplitude  of 
about  3  Oe.  When  Hz  is  relatively  low,  a  ring  domain  is 
generated.  When  Hz  is  relatively  high,  bubble  domains  are 
obtained.  The  method  of  obtaining  a  ring  domain  or  hollow 
bubble  is  simpler  than  that  proposed  by  De  Jonge  et  al.  [3] ; 
they  manipulated  the  strip  domain  directly  by  appropriately 
moving  a  conductor  loop. 

When  the  procedure  is  repeated,  one  can  obtain  isolated 
ring  domains,  each  of  which  contains  an  arbitrary  number  of 
bubbles  inside  it.  The  ring  domains  are  often  connected  with 
a  strip  domain,  like  a  lasso,  as  shown  in  Fig.  6-b.  As  these 
isolated  ring  domains  can  be  moved  by  the  interaction  be¬ 
tween  the  domains,  one  may  make  an  analog  memory,  where 
the  number  of  bubbles  inside  the  ring  represents  an  analog 
information. 

It  has  been  found  that  a  system  which  contains  bubbles 
magnetized  both  in  positive  and  negative  directions  in  the 
same  platelet  can  exist  in  a  uniform  bias  field.  Such  a  system 
can  be  formed  utilizing  the  hexapetalous  Permalloy  pattern. 
First,  a  bubble  lattice  consisting  of  positive  bubbles  is  gener¬ 
ated  in  a  platelet  which  is  stable  at  an  Hz  less  than  the  value 
denoted  by  “collapse  of  bubble  lattice”  in  Fig.  8.  When  the 
direction  of  Hz  is  changed  to  negative,  negative  bubbles  can 
be  generated  without  collapsing  positive  bubbles  previously 
generated  if  the  “generation  2”  or  ^generation  3”  mode  is 
chosen  to  generate  negative  bubbles.  As  the  stability  region 
of  coexistence  of  positive  and  negative  bubbles  is  in  the  range 
from  Hz  =V-30  Oe  to  +30  Oe  in  YFe03,  denoted  “negative 
bubble”  in  Fig.  8,  one  cannot  obtain  the  positive  and  negative 
bubble  system  in  “generation  region  1”.  Once  the  system  is 
obtained,  the  domain  structure  is  stable,  even  at  zero  bias 
field.  The  domain  structures  at  zero  bias  field  are  shown  in 
Figs.  7-a  and  7-b  for  TbFe03  and  YFe03,  respectively.  It  is 
interesting  to  point  out  that  the  boundary  between  the 
positive  and  negative  bubble  regions  is  separated  by  a  wavy 
wall,  which  is  the  same  structure  described  in  the  case  of  a 
uniform  gradient  field.  In  a  rather  high  bias  field  region, 
bubbles  propagate  around  the  hexapetalous  pattern.  This 
region  is  shown  in  Fig.  8  and  denoted  “bubble  propagation” 


When  the  polarity  of  bias  field  is  changed,  applying  an 
in-plane  rotating  field,  positive  and  negative  bubble  clusters 
are  formed  successively.  Groups  of  bubbles  having  the  same 
polarity  can  be  propagated  along  the  rail  of  magnetic  strip 
domain  or  crystal  defects,  such  as  surface  scratches,  as  shown 
in  Fig.  7-c.  This  phenomenon  suggests  a  possibility  of  analog 
or  digital  memory  devices  without  bit  by  bit  Permalloy 
patterns,  such  as  T-bar,  Y-bar  or  conductor  circuits. 

CONCLUSIONS  AND  REMARKS 

Several  new  magnetic  domain  structures  in  a  uniform  bias 
and  a  uniform  gradient  field  have  been  reported.  These  are 
1)  periodic  bubble  domains  in  valleys  of  a  wavy  wall,  2)  co¬ 
existence  of  positive  and  negative  bubbles  on  both  sides  of  a 
wavy  wall  in  a  uniform  gradient  field,  3)  bubbles  in  a  ring 
domain,  4)  concentric  ring  domains,  and  5)  coexistence  of 
positive  and  negative  bubbles  in  a  uniform  bias  field.  These 
domain  structures  are  expected  to  give  a  clue  to  new  domain 
devices. 

At  present,  bubble  devices  are  devoted  to  the  develop¬ 
ment  of  mass  memories  using  bit  by  bit  Permalloy  patterns. 
The  bubble  mass  memory  has  technical  advantages  over  the 
magnetic  disk  memory.  However,  one  of  the  disadvantages  of 
a  bubble  mass  memory  is  the  necessity  for  a  bit  by  bit 
pattern.  Therefore,  it  is  desirable  to  develop  devices  without 
a  bit  by  bit  pattern,  for  example,  a  device  having  only  a 
simple  rail  for  bubble  propagation.  The  domain  structure  of 
positive  and  negative  bubbles  which  propagate  along  the 
strip  domain  rail,  described  above,  gives  us  a  clue  for  such 
devices. 
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Device  Implications  of  the  Theory 
of  Cylindrical  Magnetic  Domains* 
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This  paper  applies  the  theory  of  cylindrical  magnetic  domains 1  to 
cylindrical  domain  devices.  The  stability  conditions  are  examined  as 
bounds  to  the  region  of  possible  device  operation  and  it  is  found  that 
the  plate  thickness ,  h  =  41,  and  the  domain  diameter,  d  —  81,  where  l 
is  the  ratio  of  the  wall  energy  per  unit  area  to  I^r  times  the  saturation 
magnetization  squared,  are  preferred  values.  When  the  effects  of  wall 
coercivity  and  mobility  are  examined,  it  is  found  that  the  preferred 
plate  thickness  and  domain  diameter  are  even  more  strongly  preferred, 
that  the  wall  motion  coercivity  should  be  less  than  one  percent  of 
times  the  saturation  magnetization,  and  that  a  domain  coercivity  and 
jnobility  may  be  defined.  Consideration  of  the  Neel  temperature  and 
the  desired  absolute  domain  size  in  addition  to  the  static  stability 
conditions  shows  that  domain  materials  having  some  antiferromagnetic 
character  and  induced  uniaxial  anisotropy ‘are  preferred.  Where  appro¬ 
priate,  domain  methods  for  measuring  material  parameters  are 
described. 

I.  INTRODUCTION 

The  application  of  cylindrical  magnetic  domains  or  “bubbles”  ""to 
memory  and  logic  devices  has  recently  received  considerable  atten¬ 
tion.2-6  Such  domain  devices  may  operate  in  a  continuum  of  modes 
ranging  from  the  wall  motion  coercivity  dominated  mode  to  the  “hard 
bubble”  mode.  In  the  coercivity  dominated  mode,  applied  fields  deter¬ 
mine  the  domain  configuration  which  is  then  maintained  by  coercivity. 
In  the  hard  bubble  mode  the  coercivity  must  be  sufficiently  low  that 
the  domains  have  a  well-defined  size  and  shape  permitting  the  move- 


*  Portions  of  this  article  were  presented  at  the  “Fifteenth  Annual  Conference  on 
Magnetism  and  Magnetic  Materials”  Philadelphia,  Pennsylvania,  on  Nov.  20, 
1969.  (See  Ref.  2.) 


Reprinted  with  permission  from  Bell  System  Technical  Journal ,  vol.  50,  pp.  727-775,  Mar.  1971. 
Copyright  ©  1971  by  the  American  Telephone  and  Telegraph  Company. 
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ment  of  individual  domains  as  distinct  entities.  A  previous  paper 
developed  the  theory  of  static  stability  of  cylindrical  domains  in 
materials  having  zero  coercivity.1  The  present  work  applies  this  theory 
to  the  determination  of  the  preferred  conditions  for  construction  of 
devices  operating  in  the  hard  bubble  mode.  It  is  found  that  specifying 
an  operating  domain  diameter  determines  preferred  values  for  the 
plate  thickness,  magnetization,  anisotropy  constant  and  the  maximum 
allowable  value  of  the  wall  motion  coercivity. 

Figure  1  shows  the  model  for  the  domain  structure  from  which  the 
static  stability  theory  was  developed.  The  coordinate  system  and 
symbols  used  here  are  the  same  as  in  Ref.  1  except  for  the  addition 
of  a  few  symbols  such  as  /%,,  the  wall  mobility ;  Hc,  the  wall  motion 
coercivity;  vd)  the  domain  velocity;  and  the  variation  in  wall 
energy.  The  model  represents  a  single  isolated  domain  in  a  plate  of 
magnetic  material  of  uniform  thickness,  h,  and  an  infinite  extent  in 
the  plane,  rf  =  oo.  Everywhere  within  the  material  the  magnetization 
has  a  uniform  (saturation)  magnitude,  Ms,  directed  along  the  upward 
plate  normal  (the  £  direction)  within  the  domain  and  along  the  down¬ 
ward  plate  normal  elsewhere  within  the  material.  The  domain  wall  is 
assumed  to  have  negligible  width  and  the  domain  wall  energy  density, 
c tw ,  is  initially  taken  to  be  independent  of  both  wall  orientation  and 
curvature.  The  domain  wall  is  cylindrical  in  the  sense  that  it  every¬ 
where  contains  a  line  parallel  to  the  plate  normal.  Under  these  assump- 


Fig.  1 — Domain  configuration  and  coordinate  system. 
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tions  only  the  component  of  the  spatially  uniform  applied  field  which 
lies  along  the  plate  normal  will  interact  with  the  domain  so  that  only 
this  component  is  considered.  This  component  is  denoted  by  H  and  is 
taken  positive  when  directed  upward,  the  direction  tending  to  collapse 
the  domain. 

The  assumptions  implicit  in  this  domain  model  are  not  all  inde¬ 
pendent.  The  interrelation  of  the  assumptions  and  the  dependence  of 
the  assumptions  on  the  domain  geometry  and  the  material  parameters 
are  discussed  on  pp.  3312-3318  of  Ref.  1.  The  validity  of  the  assump¬ 
tions  will  not  be  discussed  further  here  except  to  note  that  in  order 
for  domains  of  the  type  to  be  considered  here  to  exist,  domain  nuclea- 
tion  and  wall-width  considerations  require  roughly  that 

Ku  >  % tM\  ,  (1) 

where  Ku  is  the  uniaxial  anisotropy  constant,  and  that  the  validity  of 
the  approximations  generally  improves  as  Ku  is  increased  above  this 
minimum  value. 

The  domain  radius  function,  rb(6) ,  which  is  expanded  in  the  series 

00 

n(9)  =  r0  +  Ar0  +  £  A r„  cos  [n($  —  6n  —  A0„)],  (2) 

n=  1 

describes  the  domain  shape  in  the  plane.  The  A rn  and  A On  describe  a 
variation  in  domain  size  and  shape  from  a  circular  domain  of  radius 
rb(0)  =  r0  and  the  On  describe  the  direction  of  the  variation.  (The  A On 
have  significance  only  for  second  variations.)  Since  only  near  circular 
domains  are  of  interest  here,  the  condition 

M  »  | Ar0 1  +  'En  |Ar„|  (3) 

n  =  1 

is  imposed  to  assure  that  the  radius  is  single  valued  and  smooth. 

The  first  and  second  variations  of  the  total  domain  energy  with 
respect  to  the  A rn  and  A On  determine  the  domain  equilibrium  and 
stability  conditions.  The  total  domain  energy, 


Et  =  Ew  +  Eh  +  Em,  (4) 

is  the  sum  of  three  terms.  The  wall  energy,  Ew,  is  the  product  of  the 
wall  energy  density  and  the  wall  area.  The  applied  field  interaction 
energy,  EH,  is  proportional  to  the  product  of  the  domain  volume  and 
the  external  field  interaction  energy.  The  last  term,  EM)  is  the  internal 
magnetostatic  energy  of  the  domain.  The  energy  variation  has  the 
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form 


where  in  the  energy  derivatives  the  independent  variables,  the  A rn 
and  A 6n  ,  have  been  written  as  rn  and  6n  for  compactness,  the  zero  sub¬ 
script  indicates  that  the  derivatives  are  to  be  evaluated  for  a  strictly 
circular  domain,  rb(6)  =  r0  ,  and  03  indicates  terms  of  order  three  or 
higher.  The  first  derivatives  are  the  negative  of  the  generalized  forces, 
—  (dET/drn) o  and  —  (dET/ddn) 0  being  respectively  the  radial  and  angular 
generalized  forces  of  rotational  periodicity  n.  The  second  derivatives 
form  the  stiffness  matrix  of  the  system  with  (d2ET/drn  drTO)0  being  the 
(n,  rn)  element  of  the  radial  submatrix  and  ( d2ET/drn  ddm)0  and 
(' d2ET/ddn  ddm)0  being  the  corresponding  elements  of  the  mixed  and 
angular  submatrices  respectively.  In  Ref.  1  the  derivatives  of  the 
total  energy  with  respect  to  the  A rn  and  A 6n  were  obtained  by  differ¬ 
entiating  the  integrals  which  form  the  terms  of  equation  (4)  and  evaluat¬ 
ing  the  resulting  integrals  for  the  case  of  a  strictly  circular  domain. 

In  the  present  work  it  is  convenient  to  write  the  energy  variation 
expression  in  a  normalized  form  in  which:  energy  is  measured  in  units  of 
4(27rM J)  (ttK3),  the  equilibrium  condition  has  been  used  to  eliminate 
the  applied  field  from  the  second  variations  (the  stiffness  matrix  is  of 
interest  here  only  for  a  domain  in  equilibrium),  the  first-  and  second- 
order  variations  which  are  identically  zero  and  deleted,  and  the  non¬ 
zero  generalized  forces  and  stiffness  matrix  elements  are  written  as 
functions  of  dimensionless  variables,  the  applied  field  measured  in 
units  of  the  magnetization,  H/4lttMs  ,  and  ratios  of  the  plate  thickness,  h, 
the  domain  diameter,  d  =  2 r0  ,  and  the  characteristic  length  of  the 
material, 

l  =  erw/4 tM29  .  (6) 

This  normal  form  of  the  energy  variation  is  [Ref.  1,.  equation  (68)] 

AEt _ H  d  H  _  /  d\  A  r0 

4,(2tM2)(t^)  ~  U  +  /*4ttMs  *WJ  h 
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+  03  (7) 


+  X)  (^  2  “  1) 


where  F  and  the  Sn  are  called  the  force  and  stability  functions  respec¬ 
tively  and  are  written  in  terms  of  the  complete  elliptic  integral  of 
the  first  kind, 


/»  7r/2 

K(m)  =  I  (1  —  msin2  0)~*  dd , 
Jo 

the  complete  elliptic  integral  of  the  second  kind, 


(8) 


/»  tt/2 

E(m)  =  /  (1  —  msin2 

Jo 

and  the  Ln  functions  which  are  auxiliary  functions  introduced  for 
convenience, 


ef  dd  (9) 


L0(x)  =  0  (10a) 

L^x)  =  4[(*  +  l)tE((l  +  afT1)  -  x(x  +  ir»X((l  +  ^r1)]  (10b) 

Ln+1(x)  =  2~  ^~j-  [4n(2x  +  1  )L„(x)  —  (2 n  -  1  )Ln-1(x) 

—  16 nx(x  +  1)~*  X  K((  1  +  x)-1)],  n  ^  1.  (10c) 

The  force  and  stability  functions  are 


F(x)  =  -x2[(l  +  x-2)hE{{  1  +  x~2Yl)  -  1], 

7 r 

s„(*)  -  m  -  X  ^  Fix), 

=  -^[^(af2)  -  Z^O)], 

and 


(ii) 

(12a) 

(12b) 


&(*)  =  —  A~r  ir  x\Ln(x2)  -  L^x-2)  -  Ln(0)  +  L,( 0)], 
n  —  1  Zir 

w  ^  2.  (13) 

Figure  3  of  Ref.  1  plots  F(d/h)  and  Sn(d/h)  for  d/K 5S  6  and  n  10. 
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Appendices  A  and  B  of  Ref.  1  give  methods  of  computation  and  series 
expansions  of  these  functions,  while  Section  IV  discusses  the  physical 
interpretation  of  the  terms  in  the  energy  variation  expansion  [equa¬ 
tion  (5)  here]. 

Section  II  of  this  paper  discusses  the  domain  size  and  stability 
implications  of  the  energy  variation  expansion  (7).  This  discussion 
yields  the  conditions  for  the  existence  of  cylindrical  domains  in  the 
total  absence  of  dissipative  processes  and  these  existence  conditions  in 
turn  place  several  restrictions  upon  device  design.  The  section  con¬ 
cludes  with  a  discussion  of  domain  size  and  domain  ellipticity  in  the 
presence  of  anisotropic  wall  energy.  Section  III  considers  the  effects 
of  dissipative  processes  (wall  motion  coercivity  and  mobility)  on 
domain  existence  and  movement,  the  relation  of  domain  mobility  to 
wall  mobility,  and  the  limiting  conditions  under  which  the  hard  bubble 
mode  may  be  achieved.  Section  IV  combines  the  results  obtained  here 
and  in  Ref.  1  to  obtain  several  relations  between  material  parameters 
and  device  performance. 

II.  CYLINDRICAL  DOMAIN  SIZE,  SHAPE  AND  STABILITY  AT  EQUILIBRIUM 

This  section  examines  the  domain  equilibrium  and  stability  condi¬ 
tions  and  some  of  their  implications. 

2.1  The  Equilibrium  Condition 

The  domain  is  in  equilibrium  when  all  of  the  first-order  variations 
of  the  total  energy  with  respect  to  the  A rn  and  A 0n  are  zero.  In  the 
variation  expansion  (7), 'all  the  first-order  energy  variations  except 
the  variation  with  respect  to  Ar0  (representing  a  variation  in  domain 
size  with  no  variation  in  shape)  are  identically  zero.  Since  the  domain 
is  initially  assumed  to  be  a  circular  cylinder  and  there  are  no  forces 
tending  to  deform  it,  the  domain  is  in  equilibrium  when  it  is  a  circular 
cylinder  having  a  diameter  which  is  a  solution  to  the  normalized  force 
equation, 


l_,d  _H_  _  Jd\ 

h^h±irMs  t\h) 


=  0. 


(14) 


The  (normalized)  generalized  forces  appearing  in  this  equation  have 
a  one  to  one  correspondence  with  the  terms  of  the  energy  sum  (4): 
the  first  term  being  produced  by  the  wall  energy,  the  second  by  the 
applied  field,  and  the  third  by  the  internal  magnetostatic  energy.  The 
normalized  wall  force,  —l/h  =  —  aw/4:irM2sh  always  tends  to  collapse 
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the  domain  (aw  and  h  are  positive)  and  is  independent  of  domain  di¬ 
ameter.  Each  of  the  normalized  generalized  forces  may  be  converted 
to  an  equivalent  field  by  multiplying  by  MirMJd.  The  equivalent 
wall  field  is  aw/2r0Ma  so  that  the  wall  field  is  proportional  to  the  product 
of  the  wall  energy  and  the  wTall  curvature.  The  normalized  applied  field 
force,  —  (d/h)(H/4:TrMs),  tends  to  collapse  the  domain  for  positive 
applied  fields  and  its  magnitude  is  proportional  to  the  domain  diam¬ 
eter.  In  this  case  the  equivalent  field  is  the  applied  field,  H.  The  normal¬ 
ized  internal  magnetostatic  force  is  +  F(d/h).  The  force  function,  F,  is 
positive  with  positive  first  derivative  and  negative  second  derivative 
at  all  points.  It  approaches  d/K  for  small  domain  diameters  and 
7r~ 1  In  |  4 e*d/h  |  for  large  domain  diameters  (In  Ref .  1  see  equation  (138) 
and  Fig.  3) .  Since  F  is  positive,  the  internal  magnetostatic  force  always 
tends  to  expand  the  domain.  The  internal  magnetostatic  force  and  the 
wall  force  are  thus  oppositely  directed.  Therefore  equilibrium  is  at¬ 
tained  for  any  given  diameter  by  adjusting  the  applied  field  to  a  value 
which  compensates  for  the  difference  in  magnitude  of  these  two  forces, 
the  sign  of  the  field  depending  on  which  force  is  dominant.  The  equiva¬ 
lent  field  for  the  case  of  the  internal  magnetostatic  force,  4:ttMs 
•  ( h/d)F(d/h ),  is  the  z  averaged  z  component  of  the  internal  demagnetiz¬ 
ing  field  or  the  internal  magnetostatic  scalar  potential  difference  be¬ 
tween  the  top  and  the  bottom  of  the  plate  divided  by  the  plate  thick¬ 
ness.1  This  field  approaches  4ctMs  for  small  domain  diameters  and 
4 Ms(h/d)  In  |  4-ehl/h  |  for  large  domain  diameters. 

Solutions  to  the  equilibrium  problem  may  be  discussed  either  in 
terms  of  the  equivalent  fields  as  was  done  by  A.  H.  Bobeck3  or  in 
terms  of  the  generalized  force  equation  (14)  with  the  preferred  method 
depending  on  the  specific  application.  In  the  present  case,  the  generalized 
force  equation  will  be  used  since  the  general  properties  of  the  solutions 
of  the  equilibrium  problem  may  be  easily  obtained  by  straight  line 
constructions  on  a  plot  of  F. 

Figure  2  shows  examples  of  such  constructions  (along  with  stability 
constructions  which  will  be  explained  later).  The  equilibrium  con¬ 
struction  consists  of  first  locating  the  point  on  the  vertical  axis  whose 
ordinate  is  l/h,  then  drawing  a  straight  line  through  this  point  whose 
numerical  slope  is  H /47 tMs  .  The  line  so  constructed  thus  represents  the 
first  two  terms  in  equation  (14)  so  that  its  intersections  with  F  (if  any) 
are  the  equilibrium  points.  The  dashed  line  asymptotic  to  the  force 
function  at  the  origin  has  numerical  slope  one  and  therefore  provides 
a  reference  for  estimating  the  magnitude  of  applied  fields.  In  each  of  the 
constructions  of  Fig.  2,  l/h  is  0.3  and  this  point  on  the  vertical  axis  is 
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d/h 


Fig.  2 — Construction  of  solutions  to  the  force  equation  for  l/h  —  0.3,  d  —  ch , 
d  —  d2  and  d  =■  2h. 


denoted  by  eW.  The  symbol  W  was  used  since  l/h  is  the  wall  energy 
per  unit  area  in  units  of  twice  the  magnetostatic  self-energy  per  unit 
surface  area  of  an  infinite  plate  of  uniform  thickness,  h,  when  it  is 
uniformly  magnetized  in  a  direction  perpendicular  to  the  surface  of  the 
plate. 

For  the  first  example,  consider  the  line  eW(ft/  for  which  l/h  =  0.3, 
H/4:ttMs  =  0.  This  line  has  one  intersection  with  F  at  ®(d/h  =  0.378). 
Since  the  slope  of  F  is  everywhere  positive,  there  will  in  general  be 
only  one  intersection  with  the  construction  line  for  any  zero  or  negative 
value  of  H/4:tMs  independent  of  the  magnitude  of  l/h.  That  this 
single  solution  is  unstable  may  be  appreciated  by  considering  small 
variations  in  the  solution  diameter  from  its  value  at  0:  Increasing  the 
diameter  of  the  domain  from  the  diameter  at  0  increases  the  magnitude 
of  the  internal  magnetostatic  force  term  while  the  other  terms  remain 
constant.  The  total  force  tending  to  expand  the  domain  thus  increases 
from  zero  as  the  domain  expands  from  the  solution  diameter.  The  domain 
is  thus  unstable  with  respect  to  expansion.  An  entirely  similar  argu¬ 
ment  shows  that  the  domain  is  unstable  with  respect  to  collapse.  It  is 
easily  seen  in  general  that  for  a  fixed  solution  diameter  the  solution 
will  become  more  unstable  (the  destabilizing  force  increasing  faster  with 
increasing  diameter)  as  the  field  is  made  more  negative.  Stable  solu- 
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tions  to  the  equilibrium  problem  exist  only  for  fields  aiding  the  wall 
field  in  tending  to  collapse  the  domain  although  one  unstable  solution 
exists  for  any  magnitude  of  negative  applied  field. 

Because  of  the  logarithmic  behavior  of  the  force  function  at  large 
domain  diameters,  a  radially  stable  solution  to  the  force  equation  will 
appear  (in  addition  to  the  radially  unstable  solution)  when  a  vanish¬ 
ingly  small  positive  bias  field  is  applied.  (Radial  stability  is  determined 
in  the  same  way  as  in  the  preceding  paragraph.  The  existence  of  radial 
stability  does  not  assure  total  domain  stability  as  will  be  seen.)  Since 
the  F  function  has  a  negative  second  derivative  everywhere,  there  can 
be  no  solutions  in  addition  to  a  single  radially  unstable  and  a  single 
radially  stable  solution.  This  situation  is  illustrated  by  the  line 
in  Fig.  2.  The  line  represents  l/h  =  0.3,  H/^ttMs  =  0.254  for  which 
the  unstable  solution,  denoted  by  41,  occurs  at  d/h  =  0.767  and  the 
stable  solution,  denoted  by  S,  occurs  at  d/h  =  2.000.  Bobeck7  has  ob¬ 
served  experimentally  the  unstable  solution  under  static  conditions 
which  permit  the  existence  of  the  stable  solution.  This  was  done  by 
applying  a  short  duration  bias  field  pulse  which  reduced  the  domain 
diameter  from  the  stable  solution  diameter  at  S  to  the  unstable  solu¬ 
tion  diameter  at  41  and  then  returning  the  bias  field  to  its  original  value 
just  as  the  unstable  solution  was  attained.  The  domain  having  the 
unstable  solution  diameter  was  then  stabilized  sufficiently  by  coercivity 
to  allow  it  to  persist. 

If  the  applied  field  is  increased  from  a  value  for  which  there  are  two 
solutions,  then,  the  solutions  approach  each  other  until  at  some  field 
value  they  coalesce.  This  point  at  which  the  solutions  coalesce  is  a 
point  of  radial  metastability  since,  at  this  point,  the  construction  line  is 
tangent  to  F.  Thus,  the  solution  is  neither  stable  nor  unstable  to  lowest 
order  by  the  small  variation  argument  of  the  preceding  paragraphs. 
There  are  no  solutions  for  applied  fields  greater  than  the  field  of  radial 
metastability.  Since  in  this  case  the  inward  forces  dominate  at  all 
diameters,  the  domain  collapses.  (Since  F  everywhere- lies  below  the 
asymptote  d/h,  the  domains  always  collapse  for  applied  fields  greater 
than  4lttMs  .)  In  Fig.  2  where  l/h  =  0.3,  the  collapse  point,  G,  occurs 
at  H/4:TrMs  =  0.283,  d/h  =  1.16.  The  sequence  of  the  types  of  solu¬ 
tions  which  occur  as  H  is  varied  depends  only  on  the  invariant  signs 
of  the  slope  and  curvature  of  F.  Therefore  for  a  fixed  value  of  l/h  this 
sequence  is  independent  of  the  value  of  l/h.  From  the  slope  and  curva¬ 
ture  properties  of  F  the  uniqueness  of  the  collapse  diameter  and  field 
for  a  given  value  of  l/h  may  also  be  shown.  However,  the  discussion  of 
both  this  uniqueness  and  the  detailed  behavior  of  the  domain  diameter 
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as  a  function  of  applied  field  are  conveniently  postponed  until  general 
stability  is  discussed. 

The  device  implications  of  this  subsection  may  be  summarized  by 
noting  that  cylindrical  domains  exist  only  in  the  presence  of  an  applied 
field  applied  in  a  direction  tending  to  collapse  the  domain  and  having 
a  magnitude  less  than  4:tMs 

2.2  General  Stability 

The  sign  of  the  second  variation  of  the  total  domain  energy  pro¬ 
duced  by  a  weak  variation  in  shape  characterizes  the  stability  of  a 
cylindrical  domain.  Since  only  domains  in  equilibrium  are  of  interest 
here,  attention  is  restricted  to  variations  of  such  domains  from  their 
equilibrium  size  and  strictly  circular  shape.  Since  an  arbitrary  weak 
variation  is  describable  by  the  expansion  (2)  with  condition  (3), 
the  stability  problem  is  reduced  to  the  study  of  the  coefficients  of  the 
terms  in  the  energy  expansion  which  are  quadratic  in  the  A rn  and  A 0n. 
These  coefficients  are  defined  (up  to  some  constant  factor)  as  the 
stiffness  matrix  elements  of  the  system,  and  these  stiffness  matrix  ele¬ 
ments  may  clearly  be  classified  as  either  radial,  mixed,  or  angular  stiff¬ 
ness  matrix  elements. 

In  the  equilibrium  energy  expansion  (7)  the  only  nonzero  quadratic 
coefficients  are  the  coefficients  of  the  (Arn)2,  n  1.  As  required  by  the 
cylindrical  symmetry  of  the  system,  the  domain  is  completely  metasta¬ 
ble  with  respect  to  angle.  This  is  indicated  formally  in  (7)  by  the 
absence  of  any  nonzero  terms  in  A0nA0m  or  ArnAOm.  (The  angular  and 
mixed  stiffness  submatrices  are  identically  zero.)  Since  no  terms  in 
ArnArm  for  m  =£  n  appear  in  equation  (7),  (the  radial  stiffness  matrix 
is  diagonal)  the  variation  amplitudes  are  quasi-normal-modes  of  the 
system.  Nonzero  terms  of  order  three  and  higher  in  the  variation  ampli¬ 
tudes  and  angles  prevent  the  variation  amplitudes  being,  true  normal 
modes.  Finally,  since  the  energy  of  a  domain  in  an  infinite  plate  is 
independent  of  the  domain  position,  the  translational  stiffness  of  the 
domain  is  zero  and  therefore  since  the  variation  Arx  corresponds  to 
lowest  order  to  a  translation  (see  Ref.  1  Sec.  4.2.2),  the  coefficient  of 
(Arx)2  in  equation  (7)  is  zero. 

Since  the  second-order  energy  variation  with  respect  to  an  arbitrary 
small  amplitude  weak  variation  is  simply  the  sum  of  the  energy 
variations  from  each  normal  component  of  the  variation,  the  study  of 
the  stability  of  circular  cylindrical  domains  reduces  to  the  study  of 
the  stability  of  the  domains  with  respect  to  size,  Ar0,  and  shape,  A r2 
to  Ar^  .  The  sign  of  the  corresponding  stiffness  matrix  element  deter- 


356 


mines  the  stability  or  instability  of  the  domain  with  respect  to  the 
variation  of  a  particular  A rn.  From  equation  (7),  the  nonzero  normal 
stiffness  matrix  elements  are 


_ Jh2_ _ 

4(27rM2,)(7r^) 


and 


_ (W)  =  yn»  _  Jh 

A&wM^iirh3)  \  drl  /o  1  'U 


(15a) 


n  ^  2.  (15b) 


The  quantities  in  square  brackets  are  termed  stability  coefficients. 
The  domain  is  stable  with  respect  to  an  arbitrary  variation  in  shape 
when  all  of  the  stiffness  matrix  elements  are  positive.  From  equation 
(15),  this  occurs  when  the  n  =  0  coefficient  is  negative  and  all  the 
other  stability  coefficients  are  positive, 


[l/h  -  So(d/h)]  <0  (16a) 

and 

[l/h  -  Sn(d/h)]  >  0,  n  ^  2.  (16b) 

or 

Md/h)  >  l/h  >  S2(d/h).  (17) 

Since  the  stability  functions  have  the  property, 

Sn+1(d/h)  <  Sn(d/h),  (18) 


(at  least  up  to  n  =  10  see  Ref.  1)  the  condition  for  total  stability 
reduces  to 


S0(d/h)  >  l/h  >  S2(d/h).  (19) 

Since  domain  stability  with  respect  to  Ar0  and  Ar2  assures  total  stability, 
attention  is  largely  restricted  to  the  n  =  0  and  n  =  1  coefficients.  The 
variations  Ar0  and  Ar2  are  termed  radial  and  elliptical  variations 
respectively. 

The  numerical  value  of  the  stability  coefficients  and  in  particular 
the  conditions  under  which  the  stability  coefficients  change  sign,  is 
determined  by  a  graphical  construction,  an  example  of  which  is  now 
given.  The  construction  of  the  radial  and  elliptical  stability  coefficients 
for  the  cas e  l/h  =  0.3  is  shown  in  Fig.  2.  The  elevation  of  the  horizontal 
line  "W(R'  represents  the  value  of  l/h.  In  order  to  determine  the  stability 
coefficients  it  is  necessary  to  specify  an  operating  diameter  which,  in 
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turn,  is  determined  by  the  applied  field.  When  the  domain  diameter  is 
greater  than  the  diameter  at  the  intersection  of  the  horizontal  line 
and  S2  at  (R'  (applied  fields  less  than  that  represented  by  the  slope  of 
the  line  W(R)  the  elliptical  stability  coefficient  is  negative  and  the  do¬ 
main  is  unstable  with  respect  to  A r2  .  The  domain  diameter  at  the 
intersection  of  the  horizontal  line  and  S2  is  called  the  diameter  of 
elliptical  metastability  and  the  corresponding  field  (the  field  represented 
by  the  slope  of  the  line  W(R)  is  termed  the  field  of  elliptical  metastability. 
When  the  diameter  is  decreased  below  the  diameter  of  elliptical  metasta¬ 
bility  (by  increasing  the  field  above  the  field  of  elliptical  metastability) 
the  domain  becomes  stable  with  respect  to  elliptical  deformation.  When 
the  domain  diameter  is  decreased  to  d  =  2 h  (the  corresponding  field 
being  represented  by  the  slope  of  the  line  WS)  the  magnitude  of  the 
radial  stability  coefficient  (corresponding  to  the  length  of  S' So)  is  approx¬ 
imately  equal  to  the  magnitude  of  the  elliptical  stability  coefficient 
(corresponding  to  the  length  of  S'S£). 

Increasing  the  field  to  the  value  corresponding  to  the  slope  of  the 
line  WG,  decreases  the  domain  diameter  further  to  the  value  at  the 
intersection  of  the  horizontal  construction  line  with  S0  at  C',  so  that 
the  radial  stability  coefficient  is  zero  and  the  force  equation  construc¬ 
tion  line  is  tangent  to  the  force  curve.  Increasing  the  field  above  the 
field  value  corresponding  to  the  slope  of  WC  decreases  the  diameter 
even  further  so  that  the  radial  stability  coefficient  becomes  positive, 
the  radial  stiffness  matrix  element  becomes  negative,  there  are  no 
solutions  to  the  force  equation  and  the  domain  collapses. 

Since  the  construction  line  for  the  force  equation  is  tangent  to  the 
force  curve  at  the  diameter  of  radial  metastability,  it  is  possible  to 
construct  the  SQ  curve  from  the  F  curve  by  plotting  the  loci  of  points 
whose  ordinate  is  l/h  and  whose  abscissa  is  the  diameter  at  which 
the  construction  line  is  tangent  to  the  F  curve.  Figure  3  illustrates 
four  points  of  such  a  construction.  Conversely,  given  the  initial,  slope 
of  F,  the  S0  curve  may  be  used  to  construct  F. 

In  Appendix  A  of  Ref.  1  (see  also  Fig.  2  here)  it  was  shown  that 
the  stability  functions  are  in  general  monotonic  increasing  functions  of 
the  normalized  domain  diameter,  d/h,  and  monotonic  decreasing 
functions  of  the  radial  periodicity,  n  (at  least  up  to  n  —  10).  From 
these  properties  of  the  Sn  functions  and  the  properties  of  the  solution 
to  the  force  equation  discussed  in  Section  2.1,  the  following  general 
stability  properties  may  be  deduced  for  any  fixed  value  of  l/h :  When 
there  is  no  applied  field,  the  domain  diameter  is  infinite,  and  the 
domain  is  unstable  with  respect  to  all  variations  for  which  n  ^  2. 
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d/h 


Fig.  3 — Construction  of  the  S0(d/h)  function  as  a  sequence  of  collapse  diameter 
solutions. 

When  the  applied  field  is  small,  the  diameter  is  finite  and  the  domain 
is  stable  with  respect  to  all  variation  for  which  n  is  equal  or  greater 
than  some  nm,  while  remaining  unstable  with  respect  to  variations  of 
rn  for  which  2  ^  n  <  nm.  When  the  applied  field  is  between  the  values 
of  elliptical  and  radial  metastability,  the  domain  is  stable  with  respect 
to  all  variations.  Finally,  for  applied  fields  greater  than  the  field  of 
radial  metastability,  the  domain  collapses.  (As  noted  previously  the 
domain  collapses  for  applied  fields  greater  than  the  fields  of  radial 
metastability  for  any  value  of  the  domain  diameter.) 

Note  that  except  for  Si  each  Sn  forms  the  boundary  between  the 
regions  of  stability  and  instability  with  respect  to  the  corresponding 
A rn  and  that  metastability  with  respect  to  each  A rn  (n  ^  1)  occurs  only 
along  the  boundary  between  the  stable  and  unstable  regions. 

Even  though  the  radial  and  elliptical  stability  functions  bound  the 
region  of  total  domain  stability,  the  threefold  and  fourfold  stability 
functions,  S3  and  S4  ,  lie  quite  close  to  S2  and  it  might  be  expected 
that  when  the  bias  field  on  a  cylindrical  domain  is  reduced  in  the 
presence  of  a  small  stabilizing  coercivity  the  domain  might  run  out  into 
an  initially  three  or  fourfold  figure.  Such  runouts  have  indeed  been 
observed.8 

When  the  bias  field  on  an  initially  circular  stable  domain,  repre- 
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sented  for  example  by  the  line  WS  in  Fig.  2,  is  decreased,  rb(6)  will 
increase  uniformly  for  all  6  maintaining  a  circular  shape  until  the  point 
(R  is  reached.  Increasing  the  domain  radius  beyond  this  value  causes 
the  domain  to  become  unstable  with  respect  to  elliptical  variations. 
Since  for  small  variations,  the  variations  in  the  expansion  used  here 
are  normal  modes,  the  breakaway  to  instability  will  not  be  coupled  to 
any  pure  radial  motion.  Thus,  when  the  breakaway  occurs  rb(0)  will 
actually  decrease  along  one  half  the  length  of  the  wall.  Experiments  in 
platelets  which  have  just  enough  coercivit}^  so  that  the  initiation  of 
the  breakaway  is  observable  confirm  this  somewhat  surprising  pre¬ 
diction.  (See  Ref.  4,  pp.  1916-1917.  The  sequence  of  photographs  on 
these  pages  were  taken  with  an  increasing  bias  field.  The  corresponding 
sequence  for  a  decreasing  bias  field  is  similar.) 

2.3  Restrictions  Placed  on  the  Possible  Region  of  Device  Operation  by 
Stability  Considerations 

Since  the  diameters  of  radial  and  elliptical  metastability  (and  the 
corresponding  applied  fields)  are  the  boundaries  of  the  region  of  total 
stability,  they  are  the  boundaries  of  the  region  of  possible  device 
operation  in  the  hard  bubble  mode.  It  is  easily  appreciated  by  inspec¬ 
tion  of  equation  (15)  that  the  domain  will  be  metastable  with  respect 
to  a  particular  A rn  (n  ^  1)  if  and  only  if  the  corresponding  stability 
coefficient  is  zero, 


l/h  -  Sn{d/h)  =  0.  (20) 

Since  the  Sn  are  monotonic  increasing  functions  of  d/h,  a  diameter 
of  metastability  is  uniquely  defined  for  each  value  of  n  and  charac¬ 
teristic  length  to  thickness  ratio, 

djh  =  S'1  (l/h),  n  ^  1.  (21) 

The  corresponding  applied  fields  of  metastability  are  then  defined 
using  the  force  equation  (14)  by 


While  l/h  is  a  normalized  wall  energy,  it  is  also,  obviously,  the  recipro¬ 
cal  of  the  thickness  measured  in  units  of  the  characteristic  length. 
Thus,  the  dn  and  Hn  are  functions  of  the  normalized  thickness,  h/L- 
In  the  remaining  topics  of  this  section  it  will  be  appropriate  to  think  of 
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this  parameter  as  the  normalized  thickness,  since  in  a  given  material 
it  is  the  thickness  which  is  the  accessible  variable. 

In  principle,  the  values  of  the  dn  and  Hn  for  each  value  of  h/l  could 
be  obtained  by  graphical  construction.  Figure  2  may  be  taken  as  an 
example  of  such  a  construction  for  h/l  =  3.33  and  n  =  0  and  2.  In 
this  construction  the  intersection  at  e'  represents  d0(0.3)  =  1.16h,  the 
intersection  at  (R'  represents  d2(0.3)  =  3 .58ft,  the  slope  of  'We  repre¬ 
sents  iio(0.3)  =  0.283(47rMa)  and  the  slope  of  'WCR  represents  H2 (0.3)  = 
0.196(47rMs).  (The  values  quoted  here  were  obtained  numerically.) 

To  better  appreciate  the  way  in  which  the  requirements  of  static 
stability  bound  the  possible  region  of  device  operation,  several  diam¬ 
eter  and  applied  field  functions  of  the  normalized  plate  thickness 
have  been  plotted  and  their  asymptotic  forms  in  the  limit  of  very 
thick  or  very  thin  plates  have  been  computed. 

The  values 'used  in  plotting  the  functions  were  obtained  in  the 
following  way:  The  implicit  equation  for  d0  and  d2  [equation  (20)] 
was  inverted  numerically  using  the  expressions  for  S0(d/h)  [equation 
(12)]  and  S2(d/h)  [equation  (13)]  to  obtain  d0/h  and  d2/h  as  func¬ 
tions  of  h/l.  (Parametric  plotting  may  be  used  only  for  functions  of  a 
single  dn.)  The  desired  functions  were  then  computed  from  do/h,  d2/h 
and  the  expressions  for  the  Hn  [equation  (22)]  and  F(d/h)  [equation 
(11)].  (See  also  Ref.  1,  Sections  A. 1  and  A.8.)  The  asymptotes  of  the 
various  curves  are  obtained  using  the  expansions  for  F(d/h)y  S0(d/h) 
and  S2(d/h)  from  Appendix  B  of  Ref.  1,  with  the  force  equation 
where  necessary  (14)  and  the  dn  defining  equation  (20).  The  small 
d/h  expansions  are  carried  to  order  ( d/h )2  and  the  large  d/h  expan¬ 
sions  are  carried  only  to  the  lowest  order  constant  and  log  terms  in 
order  to  facilitate  the  algebraic  inversion  of  equation  (20). 

Since  the  validity  of  some  of  the  assumptions  of  the  theory  increases 
with  increasing  d/h ,  each  plot  includes  an  arrow  indicating  the  direc¬ 
tion  of  increasing  dn/h  along  the  plotted  curve  or  curves.  The  marks 
at  do/h  —  1  and  d2/h  —  1  indicate  the  points  at  which  the  theory 
becomes  definitely  suspect.  It  has  been  found  experimentally,  however, 
that  the  theory  does  give  reasonably  consistent  results  for  values  of  d/h 
which  are  somewhat  less  than  one. 

Figure  4  is  a  plot  of  the  diameters  of  radial  and  elliptical  metasta- 
bility  measured  in  units  of  the  characteristic  length,  d0/l  =  (h/l)  (d0/h) 
and  d2/l  —  (h/l)(d2/h),  as  functions  of  the  thickness  measured  in 
units  of  the  characteristic  length,  h/l.  These  diameters  have  the 
asymptotic  values 


361 


Fig.  4 — Diameters  of  radial  and  elliptical  metastability,  do  and.  d2 ,  in  units  of 
the  characteristic  length,  l,  as  a  function  of  the  thickness,  h,  in  units  of  l. 


do/l  ~  O.412(/i/0  exp  (jl/K),  h/l  «  1, 

(23a) 

and 

do/l  «  1.253 {h/lf,  h/l  »  1, 

(23b) 

for  the  collapse  diameter,  and 

d2/l  1.564 (h/l)  exp  (irl/h),  h/l  «  1, 

(24a) 

and 

d2/l  3.76O(/i/0t  h/l  »  1, 

(24b) 

for  the  elliptical  runout  diameter.  The  uppermost  curve  in  Fig.  5  is  a 
plot  of  the  ratio  of  the  diameter  of  elliptical  metastability  ,to  the 
diameter  of  radial  metastability,  d2/d0  =  (d2/h)/ (d0/h)  = 

(d2/l)  /  (do/l),  as  a  function  of  the  h/l.  This  ratio  has  the  aymptotes 

d2/ do  3.794,  h/l  1  (25a) 
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and 


d2/d0  «  3.000,  h/l »  1  (25b) 

which  are  easily  obtainable  from  equations  (23)  and  (24).  Figure  6  is 
a  plot  of  the  relative  variation  of  the  geometric  mean  of  the  diameters 
of  radial  and  elliptical  metastability  with  respect  to  a  relative  varia¬ 
tion  in  plate  thickness  d\n\{di)d2)i\/dln\h\  as  a  function  of  h/l. 
This  curve  has  the  asymptotes 

d  In  \{dQd2f\/d  In  \h\  «  1.000  -  3.142(/i/0"\  h/l  »  1,  (26a) 

and 

d  In  \(d0d2f\/d  In  \h\  &  0.500,  h/l  »  1.  (26b) 

Inspection  of  these  limiting  diameter  plots  and  asymptotic  expres¬ 
sions  yields  the  following:  In  a  given  material,  the  minimum  stable 


Fig.  5 — Diameter  and  applied  field  margin  ratios,  ck/do,  H0/H2,  and  2{Ho  — 
H2)/(Ho  -f  Ho),  as  functions  of  the  thickness,'  h,  measured  in  units  of  the  charac¬ 
teristic  length,  l. 
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Fig.  6 — Logarithmic  derivative  of  the  domain  diameter  with  respect  to  plate 
thickness,  d  In  d/d  In  \h\,  for  the  bias  condition  d  =  (dode}*  as  a  function  of 
the  plate  thickness,  h,  measured  in  units  of  the  characteristic  length,  1. 


diameter  attainable  for  any  plate  thickness  is  ~3.9 1  at  a  thickness 
of  ~3.3L  The  minimum  diameter  of  elliptical  instability  is  ~12 1 
attained  at  a  thickness  of  ~4.2Z.  For  any  given  plate  thickness,  the 
range  of  diameters  over  which  the  domain  is  stable  is  small,  the  ratio 
of  the  diameter  of  elliptical  metastability  to  the  diameter  of  radial 
metastability  being  roughly  equal  to  three  for  any  plate  thickness. 
The  domain  diameter  is  thus  for  all  practical  purposes  determined 
once  the  plate  thickness  and  characteristic  length  are  known.  The 
increase  in  domain  diameter  with  increasing  plate  thickness  in  thick 
plates  is  quite  mild  being  according  to  a  square  root  law.  The  increase 
in  domain  diameter  with  decreasing  plate  thickness  is,  on  the  other 
hand,  exponential  for  a  thin  plate.  This  variation  is  so  rapid  that  the 
magnitude  of  the  relative  variation  of  the  diameter  of  a  centrally 
biased  domain,  d  —  {d0d2)^  with  respect  to  a  relative  variation  in 
thickness  increases  according  to  the  inverse  of  the  thickness. 
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Figure  7  is  a  plot  of  the  applied  fields  of  radial  and  elliptical 
metastability,  Hq/AttM's =  (h/d0)  [F{d()/h)  —  l/h\  and  H2/\.ttMs  = 
(h/d2)[F(d2/h)  —  l/h],  as  functions  of  h/l.  These  curves  have  the 
asymptotes 


and 

H0/4*M.  ^  0.772  exp  (-irl/h), 

h/l  «  1, 

(27a) 

H0/AirMs  «  1.000  -  1  596(^/0“*/ 
for  the  collapse  field  and 

h/l  »  1, 

(27b) 

and 

H2/AtMs  «  0.475  exp  (-irl/h), 

h/l  «  1, 

(28a) 

H2/AttMs  «  1.000  -  2M0(h/iyi, 

h/l  »  1, 

(28b) 

for  the  elliptical  runout  field.  The  two  lowermost  curves  in  Fig.  5  are 


Fig.  7 — Applied  fields  of  radial  and  elliptical  metastability,  H0  and  H2,  in  units 
of  4:ttMs  as  a  function  of  thickness,  measured  in  units  of  the  characteristic 
length,  l. 
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plots  of  the  ratio  of  the  collapse  field  to  the  elliptical  runout  field  and 
the  ratio  of  the  difference  of  these  fields  to  their  average  as  functions 
of  h/l.  The  asymptotes  of  these  ratios  are 


H0/H2  «  1.626,  h/l«  l, 

(29a) 

and 

H.  o  / H 2  «  1.000  +  1.064 (h/lY\ 

h/l»  1, 

(29b) 

for  the  field  ratio  and 

2(H0  -  H2)/(H0  +  H2)  0.477, 

h/l  «  1, 

(30a) 

and 

2(H0  -  H2)/(H0  +  H2)  «  1.064(VO-1, 

h/l  »  1, 

(30b) 

for  the  ratio  of  the  difference  of  the  fields  to  their  average.  Equations 
(29)  and  (30)  are  easily  obtainable  from  equations  (27)  and  (28). 

Inspection  of  these  limiting  applied  field  plots  and  asymptotes 
yields  the  following:  The  field  magnitudes  decrease  exponentially 
with  decreasing  plate  thickness,  rapidly  becoming  unmanageably 
small  for  very  thin  plates.  The  fields  increase  monotonically  with 
increasing  plate  thickness  toward  the  common  value,  4ttMs.  The  rela¬ 
tive  variation  of  applied  fields,  allowed  within  the  region  of  stable 
circular  domains,  is  smaller  than  the  allowed  relative  variation  of 
diameters,  approaching  a  constant  for  thin  plates  and  zero  for  thick 
plates. 

Note  that  4t tMs  determinations  are  most  accurately  carried  out  in 
moderately  thick  plates  (within  the  limits  of  the  cylindrical  wall 
approximation  and  the  coercivity  limits  described  in  the  next  section) 
since  here  H0/^7rMs  (and  H2/4nrMs)  is  a  weak  function  of  l  and  is 
asymptotic  to  one.  Measurements  of  the  characteristic  length,  on  the 
other  hand,  are  best  carried  out  in  moderately  thin  plates  (within 
coercivity  limits)  where  the  diameter  is  a  strong  function  of  l.  The 
appreciation  of  the  validity  of  these  statements  will  be  greatly  en¬ 
hanced  if  the  reader  will  try  a  few  constructions  on  a  plot  of  the 
F  and  Sn  functions. 

The  implications  of  the  foregoing  for  device  design  are  summarized 
as  follows:  For  a  given  value  of  h/l  there  is  only  an  approximately 
three-to-one  variation  in  the  domain  diameter  permitted  within  the 
stable  region  so  that  given  material  and  plate  thickness,  domain  size 
is  closely  determined.  The  minimum  domain  diameter  occurs  for 
h/l  ^  4.  For  thinner  and  thinner  plates,  both  the  plate  thickness 
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margins  and  the  applied  field  magnitude  decrease  exponentially.  While 
field  margins  are  reasonable  for  h/l  ~  4  (Hq/H2  =  1.41)  [or  2{H0  — 
H2) /  {Ho  +  H2)  ~  0.34],  they  become  vanishingly  small  in  very  thick 
plates.  These  considerations  thus  demonstrate  that  from  stability  con¬ 
siderations  alone,  for  a  given  value  of  the  characteristic  length,  there 
is  both  a  preferred  range  of  thicknesses  and  a  preferred  range  of 
domain  diameters  (or  applied  fields)  for  device  operation.  The 

preferred  range  of  each  is  centered  about  the  preferred  values 

ft*  =  4 1  (31) 

and 

dv  =  SI  (32) 

for  which  the  bias  field  is 

Hv  =  0.279(47rMa).  (33) 

These  values  will  be  shown  to  be  preferred  in  another  sense  in  the 
next  section. 


2.4  Domain  Diameter  as  a  Function  of  Applied  Field 

Since  domain  diameter  is  in  practice  only  measurable  for  diameters 
between  d0  and  d2  (applied  fields  between  H0  and  H2),  these  points 
form  natural  endpoints  for  plotting  the  diameter  as  a  function  of 
applied  field.  Figure  8  is  a  plot  of  (d  —  d0)/(d2  —  do),  as  a. 
function  of  ( H  —  H2)/(H0  —  H2 ),  for  various  values  of  the 
normal  thickness  in  the  infinite  disk.  The  plots  for  finite  nonzero 
values  of  the  thickness  were  obtained  numerically  using  the  force 
equation  (14),  the  defining  relation  for  the  dn  [equation  (21)]  and 
the  expressions  for  F  [equation  (11)],  S0  [equation  (12)]  and  S2 
[equation  (13)  ].  In  the  limit  of  very  thick  plates,  diameter  and  applied 
field  are  related  by 


Hq  -  H  =  3  (d  -  dp)2 
H0  —  H2  4  dd0 


(34a) 


using  the  small  d/ft  expansions  of  F,  S0  and  S2  from  Ref.  1,  Appendix 
B,  to  order  ( d/h )2.  In  the  limit  of  very  thin  plates,  diameter  and 
applied  field  are  related  by 

H 
H 

ft  ->  0  (34b) 


-  H 


o  H 2  1  —  I  exp  ( 


-^[i-Ki  +  ln  |  )]  , 
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Fig.  8 — Relative  diameter,  ( d  —  do)/{dz  —  do),  as  a  function  of  relative  applied 
field,  ( H  —  H2)/(Ho  —  Ho),  in  the  infinite  plate  for  various  values  of  the  plate 
thickness,  h,  measured  in  units  of  the  characteristic  length,  L 


using  the  constant  and  simple  tog  terms  of  the  expansions  of  F,  S0 
and  S2  from  Appendix  R  of  Ref.  1.  The  curves  for  intermediate  thick¬ 
nesses  are  seen  to  lie,  in  order,  between  the  limiting  curves  and  are  all 
nearly  linear  except  in  the  neighborhood  of  the  collapse  diameter.  In 
the  neighborhood  of  the  collapse  diameter,  the  slopes  of  all  the  curves 
are  infinite.  This  is  easily  appreciated  by  expressing  the  derivative  of 
the  domain  diameter  with  respect  to  applied  field  in  terms  of  the 
radial  stability  coefficient. 

The  derivative  of  the  domain  diameter  with  respect  to  the  applied 
field  is  obtained  by  considering  equation  (14)  to  be  continuously 
solved  and  then  differentiating  with  respect  to  d  to  obtain  , 

dfidf  +  iI)-spw-»'  <35> 

Eliminating  H  with  the  force  equation,  using  the  equation  for  S0  (12) 
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and  rearranging  yields 


4 wM ,  dd 
d  6H 


d  1 

*  w  - 


(36) 


So  that  indeed  the  derivative  of  diameter  with  respect  to  applied  field 
approaches  infinity  as  radial  metastability  is  approached. 


2.5  The  Effect  of  Wall  Energy  Anisotropy  on  the  Size ,  Shape  and  Stability 
of  Cylindrical  Domains 

The  domains  observed  in  orthoferrites  are  never  precisely  circular 
but  always  have  some  degree  of  ellipticity.  The  present  subsection 
relates  this  anisotropy  in  domain  shape  to  more  fundamental  domain 
parameters. 

In  the  orthoferrites  Ku  ^>>  2irM2s  so  that  the  magnetization  lies  rigidly 
along  the  plate  normal  and  the  wall  width  is  narrow  as  compared  to  the 
domain  diameter  (1).  The  applied  field  energy,  EH  and  the  internal 
magnetostatic  energy,  EM  ,  terms  of  the  total  energy  expression  (4) 
thus  make  no  contribution  to  producing  the  domain  anisotropy.  There¬ 
fore  the  anisotropy  results  from  an  anisotropy  in  the  wall  energy 
density  aw  .  Considering  again  the  wall  energy  density  to  be  inde¬ 
pendent  of  wall  curvature  and  the  wall  to  be  oriented  with  its  normal 
perpendicular  to  the  plate  normal,  i.e.,  a  cylindrical  wall,  the  wall 
energy  density  may  be  expanded  as 

00 

f.  =  f.  +  ^  E  °2»  cos  [2 n(v  —  v2n)]  (37) 

71  =  1 

where  v  is  the  angle  between  the  wall  normal,  N,  and  the  x  axis  (see 
Fig.  9)  and  the  expansion  coefficients,  5W  ,  o-2n  and  v2n  are  taken  to  be 
positive.  The  odd  angular  periodicity  expansion  coefficients  are  deleted 
from  equation  (37)  since  the  energy  of  the  system  is  invariant  under 
time  reversal  while  the  direction  of  the  wall  normal  (referred  to  the 
magnetization  direction)  changes  sigh. 

To  describe  the  anisotropy  observed  in  orthoferrites,  it  has  proven 
sufficient  to  include  only  the  average  and  two-fold  terms  in  equation 
(37).  In  addition,  if  the  plate  is  assumed  oriented  so  that  the  wall 
energy  is  maximized  when  the  wall  normal  lies  along  the  x  axis,  the 
wall  energy  density  is 

<rw  =  aw  +  \  A aw  cos  2v.  (38) 

Although  the  method  which  now  will  be  employed  to  calculate  the 
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Fig.  9 — Coordinate  system  used  in  consideration  of  anisotropic  wall  energy. 


implications  of  equation  (38)  is  clearly  applicable  to  the  more  gen¬ 
eral  energy  expression  (37)  ,  attention  will  be  restricted  to  equa¬ 
tion  (38). 

The  total  wall  energy  is 


E  w  —  h  (j)  o’ w  ds  (39) 

where  s  is  the  arc  length  along  the  curve  describing  the  domain  shape 
in  the  plane.  When  the  wall  energy  density  (38)  is  substituted  into 
equation  (39)  and  the  differential  arc  length,  ds,  and  the  wall  normal 
orientation  angle,  v  (see  Fig.  9),  are  expressed  in  terms  of  0,  rb(0)  and 
drb(0)/d0,  the  total  wall  energy  expression  becomes 

E\=h^Cb+(fJlde 
+ hh a<7“ l  {[r'+fe)]  cos2° 

- 2  ft  &  c°s  26  -  r> sin  + (%)  ]  j de-  (4o) 
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In  the  isotropic  wall  energy  density  case,  <rw  =  vw  ,  the  first  term  m 
equation  (40)  is  identical  to  the  isotropic  wall  energy  expression  [equa¬ 
tion  (8)  of  Ref.  1],  the  second  term  in  equation  (40)  representing  en¬ 
tirely  the  effect  of  the  wall  energy  anisotropy. 

To  evaluate  the  effect  of  the  anisotropy  term  even  to  lowest  order, 
it  is  necessary  to  obtain  all  the  first  and  second  derivatives  with 
respect  to  the  expansion  coefficients,  A rn  and  A 6n  of  the  expansion  of 
rb(0)  (2)  for  the  case  of  a  strictly  circular  domain  rb{6)  =  r0.  In  the 
expressions  for  the  derivatives,  dA rn  and  dA 6n  are  again  abbreviated 
to  drn  and  dOn  and  evaluation  at  rb($)  =  r0  is  denoted  by  a  zero  sub¬ 
script.  The  first  derivative  with  respect  to  A rn  is 


Setting  rh  =  r0  and  drb/dO  —  0  and  carrying  out  the  integration  yields 


(^w)  =  2irhdw  5„o  -  ^  A  A(r.  S*  cos  26,  (42a) 

\  dr„  Jo  2 

where  8m»  is  the  Kronecker  delta  function.  The  remaining  derivatives 
which  are  evaluated  in  an  entirely  similar  manner  are: 

0,  (42b) 

—  h<rwn2  Smn 

r0 

3"7r 

+  j -h  A awmn{  8nl  8ml  cos  20x  —  8ntTn±2  cos  (ndn  —  mdm)} , 

(42c) 
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and 


=  37 rh  Aaw  8m2  8n2  sin  2 d2 


(42d) 


(42e) 


The  terms  of  equation  (42)  in  aw  are  all  identical  to  the  corresponding 
terms  in  the  isotropic  case  [equation  (14)  of  Ref.  1]  so  that  adding  the 
terms  of  equation  (42)  in  A aw  to  equation  (7)  yields  the  total  energy 
expansion  for  the  anisotropic  case.  The  domain  is  therefore  in  equi¬ 
librium  when  the  force  equation  for  the  isotropic  case  (14)  with  <tw  =  aw 
is  solved  and  the  force  tending  to  inake  the  domain  elliptical  is'  some¬ 
how  balanced.  Inclusion  of  the  effect  of  second  order  energy  variations 
terms  solves  the  latter  part  of  the  equilibrium  problem  to  lowest  order. 

Before  proceeding  with  this  solution,  it  is  appropriate  to  comment 
upon  the  significance  of  the  various  energy  terms.  As  required 
by  translational  symmetry  [Ref.  1,  Sec.  4.2.2]  "(dEAW/dr2)0  =  —  2?v 
(d2EAW/dr21)0  when  dl  =  d2  where  E AW  is  the  A &w  contribution  to  the 
energy.  The  {d2Ew/dr\)0  term  in  the  stiffness  matrix  thus  has  only 
kinematic  significance.  On  the  other  hand,  —  d[Ar2(dEw/:dr2)o]/dd2  = 
—  Ar2(dEw/dd2  dr2) 0  is  a  torque  tending  to  turn  an  elliptical  domain 
into  the  direction  in  which  the  force  tending  to  make  the  domain 
elliptical  is  most  positive. 

To  solve  the  elliptical  equilibrium  problem,  it  is  convenient  to  write 
the  energy  variation  expression  in  the  form 

A  Et  =  -F-X  +  JX-S-X  +  08(X)  (43a) 

where 

X  =  [Xi  ,  x2  ,  xz  ,  x4  ,  x5  ,  x6  ,  x7  ,  •  •  •]  (43b) 

=  [Ar0  ,  A n  ,  A 6l  ,  Ar2  ,  Ad2  ,  A r3  ,  A d3  ,  •  •  •]  (43c) 


and  where  the  elements  of  the  force  vector,  F ,  and  the  stiffness  matrix, 
S,  are 


and 


(43d) 


(43  e) 
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Setting  the  gradient  of  the  total  energy  in  the  space  of  the  x{  equal 
to  zero  and  solving  for  the  equilibrium  yields  displacements  when  third 
order  energy  terms  are  neglected 

X  =  S_1F  (44) 

where  S_1  is  the  inverse  stiffness  or  compliance  matrix.  From  the  com¬ 
ments  in  the  preceding  two  paragraphs  and  inspection  of  equations  (43) 
and  (44),  it  can  be  seen  that  stable  equilibrium  is  obtained  when: 
r0  is  the  stable  solution  to  the  isotropic  force  equation  (14)  with  aw  =  5W  , 
Bn  =  0  and  A 6n  =  0  for  all  n  (allowing  now  negative  values  of  Arn)  and 
Arn  =  0  for  n  =  0  and  n  odd.  The  remaining  even  n  A rn  are  determined 
from  equation  (44)  written  with  respect  to  these  variables  only.  Be¬ 
cause  of  the  special  form  of  the  resulting  F  and  S,  inverting  only  a 
finite  submatrix  of  S  yields  X  to  any  finite  order  in  Acrw  .  When  this  is 
done  there  results 


A r2  _  1  H 
r0  2  U 

-  ) + °-(f )  ■ 

(45a) 

Ar4  _  1  |"[ 
r0  5  [h 

,  (45b) 

— n  =  o3(j 

r0  U 

to 

All 

£ 

(45c) 

where 

A l  =  Aaw/4:TrM2s  . 

(46) 

Equation  (45a)  has  also  been  obtained  by  E.  Della  Torre  and  M. 
Dimyan.9 

In  the  small  A rn  approximation  of  this  calculation  the  wall  anisotropy 
term  has  no  effect  on  r0  or  any  of  the  odd  n  A rn  .  The  collapse  diameter, 
d0  ,  and  collapse  field,  H0  ,  are  thus  unchanged  with  respect  to  the  iso¬ 
tropic  case.  At  all  diameters,  however,  the  anisotropy  pulls  the  initially 
circular  domain  out  into  an  elliptical  shape,  the  ellipticity  being  smallest 
at  the  collapse  diameter  and  blowing  up  to  infinity  at  the  isotropic 
elliptical  runout  diameter  (45a).  At  the  isotropic  runout  diameter 
this  calculation  clearly  cannot  be  applied  to  obtaining  the  reduction  in 
the  range  of  stability  which  wall  anisotropy  produces.  It  is  also  clear 
from  the  blow  up  of  An  that  any  statement  of  such  a  reduction  in 
the  region  of  stability  should  be  in  terms  of  applied  fields  rather  than 
domain  diameters.  In  calculations  of  &w  and  A aw  from  measurements 
of  the  major  and  minor  axes  of  elliptical  domains,  it  should  be  noted 
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that  Ar4/r0  [equation  (45b)]  makes  a  small  contribution  to  the  length 
of  each  axis  which  is  not  removed  by  averaging. 

In  platelets  having  the  preferred  thickness,  h  =  4 1,  and  biased  to  the 
collapse  diameter,  A r2/r0  =  2.61(A l/h)  and  A r4/r0  =  4.65(A l/h)2,  while 
in  the  neighborhood  of  the  isotropic  elliptical  runout  diameter  where 
Ar2  — »  oo,  A r4/r0  =  3.59(A l/h)  Ar2/r0 

In  rare  earth  orthoferrites,  the  anisotropy  in  wall  energy  is  typically 
(within  a  factor  of  two)  A  aw/aw  =  3%  so  that  A  l/h  for  h  =  4Zis  only 
3/4%.  The  ellipticity  at  collapse  is  thus  small.  The  contribution  of 
Ar4  is  very  small  at  all  diameters  ( h  =  4Z)  and  further,  near  collapse, 
the  cylindrical  wall  and  infinitesimal  wall  width  approximations  quite 
possibly  produce  larger  errors. 

The  implication  of  the  foregoing  for  device  applications  is  that  wall 
energy  anisotropy  has  no  effect  upon  the  collapse  diameter  and  collapse 
field.  As  far  as  the  elliptical  runout  conditions  are  concerned,  careful 
measurements  carried  out  on  a  low  coercivity  platelet  of  TmFe03  in 
which  A (Tw/aw  =  3%  show  that  the  reduction  in  the  ratio  of  the  col¬ 
lapse  to  the  elliptical  runout  field  is  only  of  the  order  of  1%.10 

III.  COERCIVITY  AND  MOBILITY 

The  preceding  sections  treated  only  forces  arising  from  reversible 
processes.  The  present  section  considers  forces  arising  from  the  irre¬ 
versible  processes  describable  by  the  wall  motion  coercivity  and  wall 
mobility.  Several  relations,  between  wall  parameters  and  domain 
parameters  are  obtained.  In  particular,  this  section  computes  the 
domain  coercivity  and  mobility  in  terms  of  the  wall  coercivity  and 
obtains  the  maximum  allowable  coercivity  which  permits  device 
operation  in  the  hard  bubble  mode.  Inversely,  it  is  shown  how  the 
wall  mobility  and  coercivity  may  be  obtained  by  domain  measure¬ 
ments. 

3.1  Domain  Dissipation 

The  method  used  to  take  dissipative  effects  into  account  is  to 
compute  the  power  dissipation  produced  by  a  general  variation  in 
domain  shape  using  the  wall  dissipation  equation  and  then  to  set 
this  equal  to  the  power  produced  by  the  variation.  By  this  procedure 
the  equations  for  the  various  modes  (translation,  size  change  and 
deformation)  are  obtained.  The  dissipation  equation  approach  is  taken 
as  a  best  first  guess  to  the  solution  of  coercivity  problems.  The  reader 
is  cautioned  not  to  take  any  of  the  coercivity  results  too  literally,  since 
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coercivity  is  never  uniform  and  in  many  cases  depends  on  the  direc¬ 
tion  of  wall  motion.11 

Wall  motion  in  many  materials  is  describable  in  terms  of  a  wall 
motion  coercivity  and  a  wall  motion  mobility.12-14  Such  a  description 
should  be  valid  in  any  material  for  sufficiently  low  velocities  and 
coercivities.  Presently  known  uniaxial  materials  such  as  .BaFei2Oi9 
for  which  the  velocity-drive  field  relation  is  not  describable  by 
coercivity  and  mobility  at  high  drive  fields15-18  (they  show  roughly 
a  limiting  velocity)  have  low  mobilities  which  reduce  their  usefulness 
in  device  applications.  The  present  work  therefore  restricts  attention 
to  180°  domain  walls  in  materials  having  the  velocity-drive  field 
relation 


k|  =  -  Hc),  \Hl\  >Hc,  (47) 

1  o,  \Hl\  g  Hc  , 

where:  vn  is  the  local  wall  velocity  in  a  direction  normal  to  the  wall, 
Hl  is  the  total  local  field  component  parallel  to  the  magnetization,  and 
where  equation  (47)  serves  as  the  defining  relation  for  the  wall  motion 
coercive  field,  HC)  and  the  wall  mobility  jnw.  The  field  HL  includes 
the  effect  of  all  magnetic  fields  as  well  as  any  effective  fields  such  as 
the  “wall  energy  field/’  and  may  vary  from  point  to  point.  The 
symbol,  HL}  is  used  to  distinguish  it  from  H,  used  elsewhere  to  denote 
the  spatially  uniform  z  component  of  the  applied  field.  For  a  planar 
wall  in  the  absence  of  internal  magnetostatic  forces,  HL  is  the  applied 
field.  Equation  (47)  is  assumed  to  hold  whether  or  not  the  wall  is 
accelerating  since  for  presently  known  materials  wall  inertia  effects 
are  negligible. 

Consider  now  a  segment  of  180°  domain  wall  such  as  a  portion  of 
the  domain  wall  shown  in  Fig.  1  and  assume  that  HL  is  positive  when 
it  lies  in  the  positive  z  direction.  Under  these  conditions,  the  power 
input  per  unit  area  from  the  local  field  to  an  inward  moving  (decreas¬ 
ing  rb)  segment  of  the  domain  wall  is  independent  of  the  details  of 
the  magnetic  configuration  within  the  wall  and  is 


Pin  =  2 Ms  \HLvn\.  (48) 

Since  inertial  effects  have  been  assumed  to  be  negligible,  the  power 
input  must  be  equal  to  the  power  dissipated  per  unit  wall  area,  pdiss , 
so  that  eliminating  HL  from  equations  (47)  and  (48)  results  in 


Pdis 


(49) 
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Integrating  the  dissipation  density  over  the  domain  wall  area  yields 
the  total  dissipation 

Pa„  =  [  2 M.YH.  \vn\  +—vl]  da  (50) 

‘'wall  L  Mw  J 

where  is  the  differential  wall  area.  For  a  circular  domain/ where 
rh{0)  —  r0,  this  expression  becomes 


Pdi8S  =  2 MMo  f  T  \H°  |v‘ir|  +  —  |v-ir|2l  dd  (51) 

"0  L  Mu*  J 

where  ir  is  the  unit  vector  in  the  radial  direction.  Now  for  a  circular 
domain 


V-ir 


drb(6) 

dt 

■A  [”/ drb(8)\  d[n  ,  ( ddn  1 

&o  l\  drn  A  dt  \dej  dt  J 


A  dr 

=  £  cos  [n(9  -  en)]  (52) 

n  =  0  CM 

where  again  dArn  and  dAQn  have  been  abbreviated  to  drn  and  dOn. 
Substituting  equation  (52)  into  equation  (51)  and  carrying  out  the 
integration  yields 


where  NOi  ( drn/dt )  indicates  the  nonlinear  coercivity  coupling  terms 
which  appear  even  in  lowest  order.  The  nonlinear  coupling  terms 
tend  in  general  to  couple  in  additional  modes  even  when  only  one 
drn/dt  is  initially  nonzero.  An  exception  to  this  is  the  uniform  radial 
mode  of  motion  dr0/dt  which,  because  of  its  symmetry,  may  take  place 
without  coupling  in  the  other  modes.  If  the  coercivity  is  negligible 
[Ho  <&  1/ i±w{drn/dt)]  then  the  A rn  and  A 0n  remain  uncoupled  normal 
modes  of  the  system.  The  consequences  of  the  damping  of  the  various 
individual  modes  will  now  be  considered  in  the  order  n  —  1,^  =  0, 
n  ^  2. 


3.2  Domain  Coercivity  and  Mobility  (n  =  1) 

Consider  an  initially  circular  domain  in  which  only  dAr^dt  is 
nonzero.  In  this  case  the  component  of  the  domain  wall  velocity 
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normal  to  the  wall  is 

vn  =  drb(6)/dt  =  (d&ri/dt)  cos  ( 0  —  0i).  (54) 

Since  the  distribution  of  the  wall  velocity  component  normal  to  the 
domain  wall  for  a  circular  domain  propagating  with  velocity,  vd,  in 
the  0d  direction  is 

vn  =  ir  -vd  =  \vd\  cos  ( d  -  dd),  (55) 

a  variation  in  Ari  may  be  identified  with  translation  in  the  0d  direction 
with 

|vd|  =  \dLrx/dt\.  (56) 

Using  equation  (53)  ,  the  power  dissipated  by  a  uniformly  moving  cir¬ 
cular  domain  is 

Pdiss  =  TrM„hro\-Hc  |v,i|+  —  vd  (57) 

L7T  fJ>w  J 

and,  since  Pdigs  =  —vd-Fd  where  Fd  is  the  drag  force,  the  equivalent 
force  for  a  domain  moving  with  a  nonzero  velocity  is 

F„  =  -xM8ftr„|j#c  +  j  |vd|]i,  (58) 

where  iv  =  vd/|vd|  is  the  unit  vector  in  the  direction  of  the  motion. 
Notice  that  is  an  ordinary  linear  force  which  could  be  measured 
mechanically  with  the  aid  of  a  magnetic  probe. 

Translational  forces  are  most  easily  produced  by  gradients  in  the 
applied  field.  The  power  input  to  the  domain  from  such  a  force  is 
obtained  by  integrating  the  power  input  density,  equation  (48),  over 
the  domain  wall  area.  In  the  case  of  a  uniform  gradient  the  local  field 
at  the  domain  wall  is 

hl  =  nL-\  |  AH|  cos  (e  -  eg)  (59) 

where  AH  is  a  vector  orientated  in  the  direction  in  which  the  bias  field 
decreases  most  rapidly,  8g  ,  and  has  a  magnitude  equal  to  the  max¬ 
imum  difference  in  field  across  the  domain  (a  gradient  of  magnitude 
\AH\/2r0  and  direction  6g  +  tt).  In  equation  (59)  HL  includes:  the 
bias  field  at  the  center  of  the  domain,  the  “wall  field”  and  the  de¬ 
magnetizing  field,  all  of  which  are  independent  of  angle.  All  of  the 
field  components  in  equation  (59),  HL  ,  HL  and  AH  are  to  be  understood 
as  the  z-averaged  z  components  of  the  actual  field  since  this  is  the 
quantity  which  interacts  with  a  180°  cylindrical  domain  wall.  With 
this  understanding,  integration  over  the  wall  area  may  be  replaced  by 
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multiplication  by  h  and  integration  over  0.  Assuming  the  domain  to 
be  exactly  circular,  the  total  power  input  to  the  domain  is 


Pin  =  2Msr0h 

■  r  [Hl  ~  I  | AH |  cos  (6  -  «,)]•[-  M  cos  ( e  -  dd)]  dd 

Jn 


=  7T r0hMs  AH  vd 


(60) 


which  is  just  the  expression  for  the  power  input  to  a  dipole  of  strength 
{nr  oh)  (2MS)  propagating  in  a  gradient  of  magnitude  |AH|/2r0  . 

The  domain  will  propagate  in  the  direction  in  which  the  input  power 
is  greatest,  ( dg  =  6d  the  direction  in  which  the  bias  field  decreases  most 
rapidly),  and  the  magnitude  of  the  velocity  will  be  such  that  the  dissi¬ 
pated  power  (57)  balances  the  input  power  (60) .  Such  a  balance  always 
occurs  for  vd  =  0.  When  |  AH|  ^  (8/tt )Hc  this  is  the  only  condition  in 
which  the  balance  is  maintained.  The  domain  velocity  is  therefore 

W  =  |m»(|AH|  -  ®H.)  ,  | AH |  >  l  Hc  ,  (61a) 

IvJ  =  0,  |AH|  <-Hc.  (61b) 

7 r 


Comparison  of  equations  (47)  and  (61)  shows  that  it  is  possible  to 
define  a  domain  mobility  and  coercivity  by  taking  AH  as  the  driving 
field  in  terms  of  the  wall  mobility  and  coercivity  as 

Md  =  (62) 


and 


Hed  =  -Hc  (63) 

if  AH  is  taken  to  be  the  drive  field. 

Note  that  in  the  integral  for  the  power  input  (60),  the  angle  inde¬ 
pendent  field  term,  HL  ,  does  not  contribute  so  that  the  effective  power 
input  density  with  respect  to  angle  for  a  domain  propagating  down  a 
bias  field  gradient  is  r0hMs  |AH|  |vd|  cos2  (0  —  6d)  which  has  the  same 
angular  factor  as  the  mobility  associated  dissipation  (50)  and  (55). 
The  power  input  and  power  dissipated  thus  cancel  (after  z  averaging) 
at  each  point  on  the  perimeter  of  the  domain  for  domains  propagating 
under  the  influence  of  a  uniform  field  gradient  and  viscous  damping. 
In  this  case  therefore  there  are  no  forces  tending  to  distort  the  domain 
shape  from  circular.  When  coercivity  is  present  (even  perfectly  uniform 
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coercivity),  the  power  input  and  dissipation  do  not  cancel  locally  and 
thus  internal  stresses  tending  to  distort  the  domain  from  circular 
are  present. 

When  a  bias  field  is  applied  to  a  circular  domain  which  is  not  simply 
a  uniform  gradient,  the  affect  of  the  additional  nonuniformities  may  be 
taken  into  account  by  Fourier  decomposition  of  the  ^-averaged  z  com¬ 
ponent  of  the  applied  field  at  the  domain  wall  with  respect  to  angle. 
When  this  is  done  the  constant  term  determines  domain  size,  the  6 
term  translates  the  domain,  and  the  nd  terms,  for  n  ^  2,  deform  the 
domain.  The  procedure  is,  of  course,  only  applicable  if  the  domain 
shape  remains  near  circular. 

Coercivity  and  mobility  may  be  measured  either  by  applying  fields 
to  walls19  and  using  equation  (47)  or  by  applying  field  gradients  to 
entire  cylindrical  domains20  and  using  equation  (61).  In  the  platelets 
of  material  which  have  a  coercivity  which  is  so  low  as  to  make  them 
useful  for  device  applications  it  has  been  found  convenient  to  use  a 
second  domain  to  provide  the  field  gradient  for  the  coercivity  measure¬ 
ments.  In  this  measurement  two  domains  are  brought  together  and 
then  released,  the  coercivity  being  given  by  the  formula5 

HC  =  (4*MS)  (64) 

where  5  is  the  center-to-center  distance  of  the  two  circular  domains. 
Equation  (64)  was  obtained  using  equation  (61)  and  the  z  component 
of  the  dipole  field  from  the  second  domain  at  the  center  of  the  plate, 
2Msirr2Qh/s\ 

3.3  Domain  Size  in  the  Presence  of  Dissipative  Processes  (n  —  0) 

The  domain  size  variation  mode  A r0  has  two  properties  which  are 
not  common  to  the  other  modes:  First,  large  variations  from  equi¬ 
librium  may  be  considered  using  the  force  function,  F(d/h),  as  well  as 
small  variations  from  equilibrium  using  the  radial  stability  function, 
S0(d/h).  Second,  arbitrary  dissipation  functions  may  be  considered 
because  the  rotational  symmetry  of  the  motion  removes  any  tendency 
for  an  initially  circular  domain  to  couple  in  other  modes. 

3.3.1  Large  Variations  in  Domain  Size 

Setting  all  the  dArJdt  except  dAr0/dt  equal  to  zero  in  equation  (53) 
yields  the  dissipation  produced  by  a  domain  size  change 

+  (65) 
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where  the  upper  sign  is  for  an  expanding  domain.  Setting  the  sum  of 
the  power  dissipation  and  the  rate  of  energy  change  from  equation  (7) 


dEr 

dt 


dE  t  dAr0 
dAr0  dt 


=  4(2 xM’)(7r/i2)  \  +  d 


H 

h  '  h  AirM. 


dAvo 

dt 


(66) 


equal  to  zero  yields  the  differential  equation  for  the  domain  diameter 
[dAr0  -  dr0  =  id(d)] 


h  d  =  l  d  H±HC  _  (d) 

2m,(4t tM8)  h  dt  h  4ttMs  W‘  1  ; 

The  domain  diameter  thus  relaxes  toward  a  value  which  is  a  solution 
to  the  force  equation  (14)  in  which  the  bias  field  H  has  been  replaced 
by  a  composite  bias  field,  H  ±  Hc  .  After  this  substitution  is  carried 
out,  the  equilibrium  diameters  are  obtained  as  described  in  Section  2.1 
except  that  the  sign  of  d -Hc  must  now  be  determined  ifi  each  case  and 
now  there  is  a  small  continuous  range  of  stable  solutions  about  both 
the  stable  and  unstable  zero  coercivity  solutions.  There  are  again  two 
solution  diameters  for  each  H  d=  Hc  when  0  <  H  d=  Hc  <  H0  .  In  the 
present  case,  however,  coercivity  produces  two  stable  ranges  of  solutions 
rather  than  one  stable  solution  point  and  one  unstable  solution  point. 
The  large  diameter  solutions  to  the  force  equation  for  H  +  Hc  and 
H  —  Hc  bound  the  solution  range  which  brackets  the  zero  coercivity 
stable  solution  and  similarly  the  small  diameter  solutions  to  the  force 
equation  for  H  +  Hc  and  H  —  Hc ^  bound  the  solution  range  which 
brackets  the  zero  coercivity  unstable  solution. 

Figure  10  shows  the  graphical  construction  for  the  case  l/h  =  0.300, 
H/4:ttMs  =  0.2544,  Hc/^ttM s  =  0.020.  The  zero  coercivity  stable  and 
unstable  solutions  at  d/h  =  2.000  and  d/h  =  0.767  are  marked  S  and  41 
respectively;  the  large  diameter  solutions  for  H  +  Hc  and  H  —  Hc  at 
d/h  =  1.527  and  d/h  =  2.468  are  marked  S+  and  S_  respectively  and 
the  small  diameter  solutions  for  H  +  Hc  and  H  —  Hc  at  d/h  =  0.919 
and  d/h  =  0.685  are  marked  41+  and  4L_  respectively.  A  domain  having 
a  diameter  greater  than  that  at  S_  will  relax  toward  the  diameter  at  S_ 
as  indicated  by  the  arrow.  Coercivity  stabilizes  domains  having  di¬ 
ameters  between  S+  and  S_  .  Domains  having  diameters  between  the 
diameter  at  §>+  and  41+  will  relax  toward  S+  as  indicated  by  the  arrow. 
Coercivity  stabilizes  domains  having  diameters  between  41+  and  4l_  . 
Small  diameter  coercivity  stabilized  solutions  have  been  observed  in 
the  process  of  carrying  out  the  mobility  measurement  described  in  the 
second  paragraph  which  follows.7  Domains  having  diameters  smaller 
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Fig.  10 — Construction  of  solutions  to  the  force  equation  in  the  presence  of 
coercivity,  l/h  -  0.3,  H/4ttMs  =  0.2544,  He/hrM.  -  0.020. 


than  "It-  will  collapse  as  indicated  by  the  arrow.  The  rate  of  change  of 
domain  diameter  in  any  of  the  dynamic  processes  described  is,  of  course, 
given  by  equation  (67) . 

It  can  be  seen  that  the  collapse  diameter  is  independent  of  coercivity 
to  the  extent  that  the  coercivity  is  uniform  (this  is  only  approximately 
true  at  best).  A  measurement  of  the  collapse  diameter,  denoted  by  dm 
here,  yields  the  characteristic  length 

l  =  hSoidJh)  (68) 

independent  of  the  coercivity.  If  Hc  is  then  measured  from  the  diameter 
hysteresis  and  this  value  is  subtracted  from  the  measured  collapse 
field,  the  value  of  4:wMa  is  obtained. 

Bobeck17,18  has  developed  a  method  for  measuring  mobilities  which 
requires  only  the  observation  of  static  domain  states.  In  this  method  the 
domain  is  biased  to  a  stable  diameter  and  then  a  short  duration  field 
pulse  having  a  magnitude,  HP  ,  such  that  the  total  field  amplitude 
exceeds  the  collapse  field,  H  +  HP  >  H0  ,  is  applied.  The  pulse  dura¬ 
tion  is  at  first  kept  so  short  that  at  the  end  of  the  pulse,  the  domain 
has  a  diameter  between  the  zero  coercivity  stable  and  unstable  solu¬ 
tion  so  that  it  recovers  its  initial  size.  The  pulse  length  is  then  gradually 
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increased  until  the  diameter  at  the  end  of  the  pulse  is  less  than  the 
unstable  solution  diameter  so  that  the  domain  collapses. 

Figure  11  is  a  construction  illustrating  the  mobility  method  for 
l/h  =  0.30,  H/4:irMs  =  0.254,  HP/4:irMs  =  0.246  and  zero  coercivity. 
Under  these  conditions,  (. H  +  HP)/4:'irMs  =  0.500  >  H0/A.ttMs  =  0.283, 
and  the  solution  diameters  are  djh  =  2.00  >  d0/h  =  1.16  >  djh  =  0.77 
where  ds  is  the  stable  solution  diameter  and  du  is  the  unstable  solution 
diameter.  In  the  figure  the  static  collapse  point  is  denoted  by  6.  The 
domain  is  initially  at  the  stable  equilibrium  point  S.  Application  of  a 
fast  rise  bias  field  pulse  of  amplitude  H P  takes  the  domain  to  S'  where 
it  collapses  towards  W.  If  the  pulse  is  turned  off  at  (R'  (above  the  un¬ 
stable  solution  point) ;  the  diameter  increases  until  the  point  S  is  again 
reached.  If,  on  the  other  hand,  the  pulse  has  sufficient  duration  to 
reach  £)'  so  that  the  domain  state  reaches  3D,  the  domain  collapses 
to  W.  In  the  insert,  the  field  pulse  shape  used  in  making  the  measure¬ 
ment  is  shown  as  a  function  of  time. 

When  the  domain  velocity  is  proportional  to  the  applied  field  and 
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pulse  rise  time  effects  may  be  neglected,  the  mobility  is 


h 

2T^M 


/*d  s/ h 
s  J du/h 


d  Jd 

hd\h. 


I  ,d_H__  JA 

h  4t rMs  XkJ 


(69) 


where  T  is  the  minimum  pulse  duration  which  results  in  the  collapse 
of  the  domain.  When  coercivity  must  be  taken  into  account  the  limits 
of  the  integral  change  as  described  previously.  (At  the  beginning  of  the 
pulse  the  domain  is  at  the  point  S+  of  Fig.  10.)  If  additionally  nonlinear 
velocity-drive  field  relations  and  pulse  rise  times  must  be  considered, 
it  is  not  possible  to  obtain  the  mobility  as  a  simple  integral  over  the 
diameter  and  the  integration  is  better  carried  out  with  respect  to  time. 


3.3.2  Small  Variations  in  Domain  Size  from  Equilibrium 

This  section  considers  the  effect  of  dissipative  processes  on  domain 
size  for  the  case  where  the  energy  variation  expression  (7)  may  be 
considered  an  expansion  of  the  energy  about  the  domain  diameter 
which  is  a  solution  to  the  force  equation  (14).  In  this  case  the  rate  of 
change  of  energy  with  respect  to  time  using  (7)  is 


dET  __  8ET  dAr0 
dt  8Ar0  dt 


-Sirh^irM2,) 


h  \l_  _  „  (d\ 
d  lh  bo\h)_ 


A  r. 


dAr0 

dt 


(70) 


Again  equating  the  rate  of  energy  decrease  to  the  power  dissipation 
(65)  yields  for  the  linearized  differential  equation  for  radial  motion 


dAr0 


Sol 


p,w(4.TrMs)  dt  \c 
The  domain  radius  thus  relaxes  towards 


Ar0  Hc 
r0  47 rMs 


(71) 


1  Ar0 
To 


Hc  d/h 

4t tMs  l/h  -  S0(d/h) 


(72) 


if  the  domain  is  stable  or,  in  the  case  of  an  unstable  domain,  coercivity 
stabilizes  the  domain  for  departures  in  radius  from  equilibrium  up 
to  this  same  value.  In  either  case,  stable  or  unstable,  the  relaxation 
time  [defined  by  the  time  factor  exp (  —  t/r)]  is 


r0  d/h 

ixwA.ttM g  l/h  —  S0(d/h) 


(73) 


383 


The  factor  d/h[l/h  —  S0(d/h )]_1  in  equations  (71),  (72)  and  (73) 
is  a  measure  of  the  radial  compliance  of  the  domain  relative  to  co- 
ercivity  or  mobility  and  will  be  called  the  radial  relative  compliance 
function.  The  value  of  this  function  may  be  obtained  as  the  inverse 
slope  of  a  line  constructed  on  a  plot  of  the  force  and  stability  functions. 
Such  a  construction  is  shown  in  Fig.  12  for  l/h  =  0.30,  d/h  =  2.00, 
H/4zttMs  =  0.2544.  The  numerical  slope  of  the  line  V/(R  drawn  from  l/h 
on  the  vertical  axis  to  the  point  on  S0  at  d/h  =  2.00  is  0.0883  so  that 
d/h[l/h  —  S0 ]-1  =  11.33.  Thus,  in  this  case,  for  a  domain  to  have  a 
diameter  defined  to  within  ten  percent,  the  coercivity  must  be 
Hc  <  0.01(4ttMs). 

At  the  collapse  diameter,  d0,  the  relative  radial  compliance  is,  of 
course,  infinite  while  at  the  other  end  of  the  range  of  stability  (the 
elliptical  runout  diameter)  where  in  the  present  example  d2/h  =  0.358, 
the  relative  radial  compliance  has  the  value  9.57.  The  minimum 
value  of  the  relative  radial  compliance  for  l/h  =  0.30  is  9.52  occurring 
at  a  diameter  of  d/h  =  3.22.  This  behavior  of  the  radial  relative 
compliance  at  l/h  —  0.30  is  typical  for  thicknesses  near  the  preferred 
value  of  h/l  =  4  as  can  be  seen  from  Fig.  12.  In  all  such  cases,  the 
minimum  compliance  is  achieved  at  some  diameter  less  than  d2,  the 
compliance  being  nearly  constant  from  d  =  d2  down  to  (d0d2)i  [for 


O  1  2  3  4 

d/h 


Fig.  12 — Construction  of  the  radial  and  elliptical  relative  compliance  functions 
for  l/h  —  0.3,  d/h  =  2. 


384 


l/h  =  0.30,  (d0d2)f/h  =  2.04]  then  increasing  rapidly  to  infinity  at  do. 
The  constancy  of  the  radial  compliance  over  a  large  part  of  the  stable 
range  is  related  to  the  linearity  of  the  diameter-field  curves  away  from 
the  collapse  diameter  [see  (36)  and  Fig.  8]. 

In  Section  3.3.1,  the  diameters  bounding  the  coercivity  stabilized 
solutions  to  the  equilibrium  problem  were  computed  for  the  case 
l/h  =  0.30,  H/4nrMa  =  0.2544  and  (du/h  =  0.767  da/h  =  2.00  and 
H0/4nrMa  =  0.020  using  the  force  equation  in  the  presence  of  coercivity. 
As  an  illustrative  consistency  check,  these  bounding  diameters  will 
now  be  computed  using  the  linearized  equation  (72).  The  diameters 
bounding  the  solution  region  bracketing  the  zero  coercivity  unstable 
solution  obtained  from  this  equation  are 


i  =  i  *  it,  j  ft  -  4t)T]  =  °-664  “d  °'869- 

and  the  diameters  bounding  the  solution  region  bracketing  the  zero 
coercivity  stable  solution  region  are 


d 

h 


L  .  [l  _  o  (d±\ 

\  ±  4ttMs  h  [h  bo\h  L 


1.547  and  2.453. 


The  corresponding  diameters  obtained  directly  from  the  force  equation 
were  d/h  =  0.685,  0.919,  1.527,  and  2.468.  The  excellent  agreement 
of  the  diameters  bounding  the  zero  coercivity  stable  solution  com¬ 
puted  by  the  two  methods  is  again  related  to  the  linearity  of  the 
diameter-field  curves.  Note  that  the  agreement  of  splittings  of  the 
diameters  bounding  the  zero  coercivity  unstable  solution  computed  the 
two  ways  is  also  quite  good. 


3.4  Domain  Shape  in  the  Presence  of  Dissipative  Processes  (n  ^  2) 

The  powrer  dissipation  produced  by  the  motion  of  a  single  mode  is 
from  equation  (53) 
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di  ss 


4:ttM  shr0 
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(74) 


where  the  upper  sign  is  for  positive  dArn/dt.  The  rate  of  change  of 
domain  energy  under  these  conditions  is  from  (7) 


dET  _  dET  dArn 
dt  dArn  dt 
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'n  dt  ’ 
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Setting  the  sum  of  the  rate  of  change  of  the  energy  and  the  power 
dissipation  equal  to  zero  yields  the  differential  equation  for  the 
relaxation  of  the  variation  of  a  single  A rn, 


1  dArn 


fJLw4:wMs  dt 


=  —(n2  -  1) 


1  -  4 


An.  ±  4  Hc 
r0  7 r  4 tMs 


The  domain  shape  variation  amplitude  thus  relaxes  towards 


(76) 


[An, I  Hc  4  __1 _ d/h 

r0  4ttMs  t r  ( n 2  -  1)  [l/h  -  Sn(d/h )]  ’ 


n  ^  2,  (77) 


if  the  variation  is  stable  or,  in  the  case  of  an  unstable  domain, 
coercivity  stabilizes  the  domain  for  variations  in  amplitude  up  to  this 
same  value.  In  either  case,  stable  or  unstable,  the  relaxation  time 
(defined  by  the  time  factor  exp(  —  t/r))  is 


To _ 1  d/h  .  . 

T  ( n 2  -  1)  [l/h  -  Sn{d/h )]  ’  U  =  J  ) 

Whenever  the  coercivity  is  effectively  zero  so  that  the  mobility 
characterizes  all  dissipative  processes,  the  normal  modes  of  the  domain 
remain  decoupled  (within  the  small  amplitude  approximation).  Each 
of  these  modes  relaxes  according  to  equations  (71)  or  (76).  When 
coercivity  must  be  considered,  these  equations  become  rather  crude 
approximations  because  even  perfectly  uniform  coercivity  introduces 
nonlinear  mode  coupling.  The  nonlinear  mode  coupling  is  especially 
noticeable  at  the  end  of  the  relaxation  of  a  single  mode.  The  reason  for 
phrasing  the  discussion  of  the  effects  of  dissipative  processes  in  terms 
of  dissipation  equations  was  to  account  correctly  for  the  effects  of 
coercivity  to  lowest  order  without  being  required  to  examine  the 
coupling  of  the  modes  or  the  origins  of  coercivity.  The  results  obtained 
do  provide  a  general  picture,  of  the  dependence  of  the  effect  of  coerciv¬ 
ity  on  the  various  domain  parameters  and  in  particular  they  provide 
a  measure  of  the  dependence  of  the  stiffness  of  the  domains  on  these 
parameters. 

Equations  (77)  and  (78)  show  that  the  entire  n  dependence  of  the 
residual  distortion  of  a  domain  recovering  from  a  fluctuation  of  a 
single  mode  and  the  relaxation  time  with  which  it  recovers  is  contained 
in  the  stiffness  factor  (n2  —  1  )[l/h  —  Sn(d/h)].  The  domain  stability 
condition,  S0  ^  l/h  ^  S2 ,  and  the  inequality  (18)  imply  that  [l/h  —  Sn] 
is  a  monotonic  increasing  function  of  n.  Therefore  the  residual  A rn  and 
relaxation  time  both  decrease  slightly  faster  than  1/n2  (see  Ref.  1). 
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Thus,  to  characterize  the  effect  of  coercivity  in  limiting  the  attainment 
of  stable  movable  cylindrical  domains  it  is  necessary  only  to  consider  the 
elliptical  shape  variation  mode  (n  =  2)  in  addition  to  the  size  ( n  =  0) 
and  translation  (n  =  1)  modes  discussed  previously. 

The  factor  (4/3tt) (d/A) [Z/fe  -  S2(d/h)]~1  in  equations  (76),  and  (77) 
and  (78)  for  n  =  2  is  a  measure  of  the  elliptical  compliance  of  the  do¬ 
main  relative  to  coercivity  of  mobility  and  will  be  called  the  elliptical 
relative  compliance  function.  The  value  of  this  function  is  proportional 
to  the  inverse  slope  of  a  line  constructed  on  a  plot  of  the  force  and 
stability  functions.  Figure  12  shows  such  a  construction  for  l/h  =  0.30, 
d/h  =  2.00,  H/4:ttMs  =  0.2544.  The  numerical  slope  of  the  line  "WS 
drawn  from  l/h  on  the  vertical  axis  to  the  point  on  S2  at  d/h  =  2.00 
is  -0.068  so  that  (4/37 r)(d/h)[l/h  -  SJ"1  =  6.25.  Thus  a  coercivity 
less  than  that  value  which  defines  the  domain  diameter  to  within  ten 
percent  (He  <  0.01(4ttMs))  defines  the  ratio  of  the  difference  in  the 
ellipse  semiaxes  to  their  average  (2Ar2/r0)  to  12  percent. 

At  the  elliptical  runout  diameter,  d2,  the  relative  elliptical  com¬ 
pliance  is,  of  course,  infinite  while  at  the  other  end  of  the  range  of 
stability  (the  collapse  diameter)  where  in  the  present  case  d0/h  =  1.16 
the  relative  elliptical  compliance  has  the  value  2.22.  The  figure  shows 
that  this  behavior  is  true  for  any  value  of  l/h.  In  general  the  minimum 
value  of  the  relative  elliptical  compliance  occurs  at  the  collapse 
diameter,  the  compliance  increasing  from  the  minimum  in  a  regular 
fashion  to  infinity  at  the  elliptical  runout  diameter.  This  regular 
behavior  is  in  contrast  to  the  behavior  of  the  relative  radial  com¬ 
pliance. 

3.5  Restrictions  Placed  on  the  Region  of  Device  Operation  by  Consideration 
of  Dissipative  Effects. 

The  relative  compliance  functions  appearing  as  factors  in  equations 
(72),  (73),  (77)  and  (78)  contain  the  dependence  of  both  the  normal¬ 
ized  residual  distortion  A rn/r0 ,  and  the  normalized  relaxation  time 
r(fMn^Ms) /r0 ,  upon  n,  ly  h,  and  d,  or  H.  Although  the  discussion  which 
follows  is  phrased  in  terms  of  the  residual  A rn/r0 ,  it  should  be  kept  in 
mind  that  the  same  remarks  apply  to  the  relaxation  times  scaled  to 
r0/(/w£7rMs) ,  the  time  required  to  propagate  the  domain  one  radius 
when  the  maximum  field  difference  across  the  domain,  A H,  is  8t tMs 
[equation  (61)]. 

In  preceding  subsections,  the  following  has  been  demonstrated: 
Except  in  the  immediate  neighborhood  of  the  collapse  diameter,  the 
domain  diameter  and  bias  field  are,  within  the  range  of  stability, 
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approximately  linearly  related  (Fig.  8).  In  the  neighborhood  of  the 
plate  thickness  previously  termed  preferred,  hp  =  4£  [equation  (31)], 
the  radial  compliance,  considered  as  a  function  of  the  bias  field,  is 
roughly  constant  from  d  =  (d0d2)*  to  d  =  d2,  and  at  d  =  (d0d2)t, 
the  elliptical  compliance  is  one  half  the  radial  compliance  so  that 
d  =  (d0d2)i  represents  a  reasonable  bias  condition.  Since  for  h/l  ~  4 
or  in  general  for  any  plate  thickness,  the  diameter  and  bias  field 
ranges  are  relatively  narrow  (Fig.  5)  the  radial  and  elliptical  compli¬ 
ance  of  domains  suitable  for  device  application  may  be  completely 
characterized  with  respect  to  plate  thickness  by  plotting  the  relative 
compliance  functions  with  respect  to  h/l  for  the  bias  condition  d  — 
(dod2)K 

The  relative  radial  compliance, 


Ar0/r0  d/h 

Hc/4:tMs  S0(d/h)  —  l/h  ’ 

(79a) 
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and  the  relative  elliptical  compliance, 
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^  1.606  exp  (rl/h), 
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are  plotted  in  Fig.  13  as  functions  of  h/l  for  the  bias  condition  d  =. 
(d0d2)h  The  function  values  and  asymptotic  forms  were  obtained  by 
methods  which  were  used  in  Section  2.3  to  obtain  the  diameter  and 
field  functions.  The  feature  which  distinguishes  the  relative  compliance 
functions  from  the  diameter  and  field  functions  is  that  the  diameter 
and  field  functions  bound  the  region  of  domain  stability  whereas  the 
relative  compliance  functions  provide  a  measure  of  the  magnitude  of 
the  stability  of  the  domains  within  the  stable  region. 

The  constructions  of  the  radial  and  elliptical  relative  compliance 
functions  shown  in  Fig.  12  and  described  in  Sections  3.3.2  and  3.4 
for  h/l  =  3.33,  d/h  —  2.00  may  be  taken  as  approximate  construction 
for  the  values  of  these  functions  at  h/l  =  3.33  since  (d0d2)*/h  =  2.04. 

The  minimum  value  of  the  radial  compliance  [d  =  {d{)d2)^]  is  ~  7.9 
occurring  at  a  thickness  oi  h/l  ~  10.3  and  the  minimum  value  of  the 
elliptical  compliance  [d  —  ( d0d2)i ]  is  ~  5.9  occurring  at  a  thickness 
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Fig.  13— Radial  and  elliptical  relative  compliance  functions  as  a  function  of  the 
thickness,  h,  measured  in  units  of  the  characteristic  length,  l,  for  the  bias  condi¬ 
tion  d  —  {dod2)*. 

of  h/l  ~  6.1. The  compliance  minima  occur  at  somewhat  greater  plate 
thicknesses  than  the  diameter  minima.  However,  since  the  functions 
are  quite  flat  bottomed,  they  increase  only  slightly  in  value  from  their 
minima  to  the  thickness  value  previously  termed  preferred,  h/l  —  4.0 
[equation  (31)].  {At  h/l  =  4.0,  (d0d2)i/l  zz  6.8.  However,  the  pre¬ 
ferred  values  were  taken  to  be  hv  =  4 1  [equation  (31)  ],  dp  =  8 1  [equa¬ 
tion  (32)  ]  so  that  dp/hp  =  2.0.  The  exact  preferred  values  depend  on 
the  device  structure  in  which  the  domain  is  located.} 

As  in  the  example  of  Sections  3.3.2  and  3.4,  the  coercivity  require¬ 
ment 

Hc  <  0.01(47 tMs)  (81) 

will  insure  that  a  domain  having  the  preferred  thickness  and  diameter 
values  will  show  radius  function  variations  from  the  equilibrium 
radius  of  no  more  than  ten  percent.  Just  below  h/l  =  4.0,  the  increase 


389 


in  the  compliance  functions  is  seen  to  become  exponential  so  that  the 
observation  of  stable  moveable  cylindrical  domains  in  reasonably  thin 
plates  is  experimentally  unlikely.  Since  the  relative  compliance  func¬ 
tions  increase  slowly  with  thickness  for  thick  plates,  cylindrical 
domains  may  be  observed  well  into  the  region  in  which  the  assump¬ 
tion  of  cylindrical  walls  becomes  dubious  (see  Ref.  1,  Section  6.1). 

Although  domains  may  be  observed  in  thick  plates,  other  considera¬ 
tions  cause  the  realizable,  bit  rate  to  decrease  at  least  inversely  with 
increasing  thickness.  These  effects  are  as  follows:  The  AH  appearing 
in  the  domain  velocity  expression  (61)  is  twice  the  n  =  1  Fourier  com¬ 
ponent  of  the  2-averaged  z  component  of  the  applied  field.  Since  the 
field  gradient  is  applied  from  the  surface  of  the  plate  and  obeys  La¬ 
place's  equation,  the  variation  in  the  applied  field  intensity  decreases 
exponentially  into  the  plate  from  its  value  at  the  surface.  Thus  for  a 
given  field  variation  intensity  at  the  plate  surface,  the  ^-averaged  z 
component  of  the  intensity  variation  decreases  inversely  with  increasing 
h/d  for  h/d  >  1.  Now.  for  d  =  ( d0  d2)%  d/h  =  1  occurs  at  h/l  8  (see 
Figs.  2  or  13)  and  above  this  value  d/h  2.17 Qi/l)~*  [see  Fig.  4  and 
equations  (23b)  and  (24b)]  so  that  for  thicknesses  greater  than  h/l  8, 
the  mobility  with  respect  to  the  field  gradient  at  the  surface  of  the 
plate  decreases  according  to  ( h/l)~\  Since  in  a  given  material  the  abso¬ 
lute  domain  diameter  increases  with  increasing  plate  thickness  in  this 
region  according  to  d/l  2.17(A/0*,  the  bit-rate  decreases  according 
to  (h/l)-1.  If  additionally  the  maximum  field  difference  at  the  surface 
of  the  plate  is  assumed  to  be  some  fraction  of  the  difference  of  the 
collapse  and  runout  fields,  H0  —  H2  ,  then  it  is  seen  from  equations 
(27b),  (28b)  and  (30b)  that  the  bit-rate  decreases  according  to  ( h/l)~*. 

Thus  in  summary,  consideration  of  the  effects  of  dissipative 
processes  even  more  strongly  defines  the  neighborhood  of  hp/l  =  4, 
dp/ 1  =  8  as  the  preferred  region  than  did  considerations  of  stability 
only  and  additionally  yields  the  requirement  Hc/AttMs  <  0.01  for  the 
attainment  of  stable  movable  domains. 

IV.  DETERMINATION  OF  MATERIAL  PARAMETERS  FROM  PREFERRED  DEVICE 
PARAMETERS"' 

The  preceding  sections  have  provided  preferred  values  of  the  plate 
thickness  (31)  and  domain  diameter  (32)  or  bias  field,  and  the  least 


*  Reference  21  includes  part  of  the  material  of  this  section  in  a  discussion  of  the 
relation  of  the  Ms  and  Ku  values  of  materials  (available  at  that  time)  to  the  pre¬ 
ferred  values  of  these  parameters. 
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permissible  value  of  the  anisotropy  constant  (1).  Additionally  it  was 
shown  that  the  wall  mobility  acts  to  form  the  scale  factor  for  time. 
For  device  construction  it  is  desirable  to  specify  the  domain  diameter, 
dp,  from  considerations  of  bit  density  and  the  resolution  of  mask¬ 
making  and  etching  procedures  while  maximizing  the  bit  rate.  Once  the 
domain  diameter  is  specified,  the  desired  characteristic  material  length 
is  determined  by  equation  (32)  as  l  ~  dp/8,  the  thickness  is  deter¬ 
mined  by  equation  (31)  as  hp  ~  idp  ,  and  the  applied  field  is  specified 
by  equation  (14)  as  #  ~  0.28  (AirM8) .  It  will  now  be  shown  that  by 
adding  assumptions  about  mobility  and  room,  temperature  operation 
to  conditions  (1)  and  (31),  it  is  possible  to  specify  uniquely  the  three 
parameters  A,  Ku  and  Ms  appearing  in  the  energy  density  expression 
for  the  simplest  uniaxial  material22 


pE  —  A 


+  Ku  sin2  6  -  Hl  M.  (82) 


In  equation  (82),  A  is  the  isotropic  exchange  constant,  6  is  the  polar 
angle  (the  angle  between  the  magnetization  and  the  z  axis),  <t>  is  the 
azimuthal  angle,  s  is  the  distance  through  the  wall,  Ku  is  the  uniaxial 
anisotropy  constant,  M  is  the  magnetization  vector  (|M|  =  Ms) 
and  Hl  is  the  sum  of  the  applied  and  demagnetizing  fields.  Only  Bloch 
walls  in  this  simplest  uniaxial  material  will  be  considered.  Achievement 
of  the  coercivity  condition  (81)  is  a  function  of  both  intrinsic  material 
properties  and  processing  and  will  not  be  considered  here. 

In  Section  YI  of  Ref.  1,  it  was  shown  that  from  several  standpoints 

q  =  KJ2tM]  ,  (83) 

the  dimensionless  ratio  of  the  uniaxial  anisotropy  constant  to  the 
energy  density  of  a  volume  containing  a  magnetic  field  of  strength 
4ttMs  must  at  least  be  greater  than  one,  equation  (1).  From  the 
definitions  of  q,  l,  and  dp  and  the  expressions  for  the  Bloch  wall  width 
and  energy  in  the  simplest  uniaxial  material  (82),  lw  =  tt(A/7vw)-  and 
uw  —  4 (AKU)*,22  the  ratio  of  preferred  domain  diameter  to  the  wall 
width  is 


cLp 

lw 


(84) 


If  q  were  much  less  than  one  then  the  domain  wall  width  would  be 
larger  than  the  domain  diameter  and  clearly  no  domain  of  the  type 
which  has  been  considered  here  could  exist.  On  the  other  hand,  if  q  is 
very  large  the  domain  wall  is  very  narrow  with  respect  to  the  domain 
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diameter.  For  a  given  rate  of  flipping  over  of  the  spin  systems  com¬ 
prising  the  wall,  the  bit-rate  will  thus  be  inversely  proportional  to  q. 
It  may  thus  be  expected  that  everything  else  being  equal  (it  is  not 
clear  at  the  present  time  just  exactly  what  is  to  be  held  constant) 
that  materials  with  high  q  values  will  have  low  bit-rates  in  devices 
whose  speed  is  drive  field  limited.  A  q  value  of  approximately  three 
may  thus  be  termed  preferred. 

The  range  of  values  of  the  exchange  constant,  A ,  occurring  in  ma¬ 
terials  which  may  be  considered  for  room  temperature  device  applica¬ 
tions  is  quite  limited  as  can  be  seen  from  the  following  argument: 
For  a  given  structure  and  density  of  spin  systems,  the  exchange 
constant  is  expected  to  be  proportional  to  the  Curie  or  Neel  tempera¬ 
ture,  Tn.23  For  room  temperature  device  applications,  as  a  .practical 
matter,  Tn  must  be  above  approximately  400°K.  Since  the  highest  ob¬ 
served  Tn  are  approximately  1000°K,  the  range  of  allowable  Tn  and 
therefore  the  range  of  A  in  acceptable  materials  is  nearly  determined. 

F.  B.  Hagedorn,  D.  H.  Smith,  and  F.  C.  Rossol  have  combined 
domain  measurements  of  l  with  magnetometer  measurements  of  Ku 
and  4firMs  to  obtain  the  exchange  constant  in  two  materials.24  They 
find  for  SmxTb1_a;Fe03  {x  ss  0.55,  Tn  =  661°K),  A  -  0.4  X  10"6 
ergs  per  cm  and  for  PbFe12-xAlxO  19  '(z  —  4.0,  Tn  =  508°K)  A  = 
0.1  X  10-6  ergs  per  cm,  values  which  are  apparently  typical  for  high 
Tn  iron  oxides. 

Since  the  exchange  constant,  A,  is  to  be  considered  fixed,  q  has  the 
preferred  value  three  and  d  has  the  preferred  value  dV)  it  is  appropriate 
to  solve  for  the  magnetization  and  anisotropy  constant  in  terms  of 
these  quantities, 


4  wM,  =  32(2  irqAf/dP  (85) 

and 

Ku  =  2mAq2/d2v  .  (86) 

If  A  =  4.0  X  10-7  ergs  per  cm,  q  =  3  and  dv  =  10~3  cm  (approxi¬ 
mately  one  mil  bit  spacing)  then  4:irMs  80  Gauss  and  Ku  900  ergs 
per  cc  which  are  both  numerically  small. 

Maintaining  the  values  of  A  and  dp  but  considering  q  as  variable  (85) 
becomes  4:irMs  50  y/q.  Thus  q  any  within  two  orders  of  magnitude 
of  the  preferred  value  produces  a  value  of  47rMs  of  one  kilogauss  or 
smaller.  Since  the  magnetic  moment  per  spin  system  and  the  volume 
of  the  individual  spin  systems  are  approximately  constants  and  since 
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the  exchange  interaction  is  of  short  range,  low  saturation  magnetiza¬ 
tions  cannot  be  achieved  by  dilution  of  the  spin  systems  with  magneti¬ 
cally  unordered  materials.  Spin  system  density  thus  must  be  high 
while  the  net  magnetic  moment  per  unit  volume  remains  low.  Some 
sort  of  antiferromagnetic  character  is  thus  required  in  magnetic  ma¬ 
terials  which  are  candidates  for  use  in  cylindrical  domain  devices. 
Typical  systems  are  ferrimagnets,  and  canted  antiferromagnets. 

The  Ku  value  of  900  ergs  per  cc  is  quite  low  for  a  symmetry  allowed 
intrinsic  uniaxial  anisotropy  constant.21  When  low  anisotropies  are 
obtained  by  operating  near  the  reorientation  temperature  in  canted 
systems25  or  near  the  Neel  temperature,  the  material  parameters  tend 
to  be  undesirably  temperature  dependent.  Since  uniaxial  anisotropy 
energy  densities  of  the  required  value  may  be  induced,  it  appears 
that  the  use  of  materials  having  induced  anisotropy,  such  as  the 
recently  announced  garnets, 17,18,26  appears  quite  promising. 

Having  determined  that  A  is  to  be  considered  fixed  and  that  Ku 
and  Ms  have  preferred  values,  this  section  concludes  by  showing  the 
dependence  of  several  overall  device  parameters  on  these  parameters 
and  the  mobility.  The  device  parameters  considered  are  the  bit 
density,  bit  rate,  the  domain  flux  which  is  important  in  Hall  effect 
detectors27  and  the  induced  voltage  which  is  important  in  wire  pickup 
loop  detectors. 

In  typical  domain  devices,  the  bit  positions  form  a  square  array 
with  the  bit  spacing  being  three  to  four  domain  diameters  (see  figures 
of  References  4  and  5).  If  the  bit  spacing  is  assumed  to  be  3 dp ,  then 
the  number  of  bit  locations  per  square  centimeter  is 

Pb  =  (3 dpy2  =  6.9  X  A0~7(4:ttMs)4/AKu  .  (87) 

Since  the  bit  density  is  such  a  strong  function  of  4t tMs  the  magnetiza¬ 
tion  is  nearly  determined  once  a  bit  density  is  specified. 

The  difference  of  the  collapse  and  runout  bias  field  for  a  plate  of 
the  preferred  thickness  h  =  4Z  is  H0  —  H2  ~  0.1  (4 irMs).  Retaining 
the  assumption  of  a  bit  spacing  of  3 dp  and  assuming  that  the  device 
structure  continuously  maintains  a  field  difference  across  the  domain 
of  0.1(4ttMs)  the  bit  rate  in  bits  per  second  is 

fb  =  vb/Mv  =  ixw^Ms/mdP  =  4.1  X  10"  V.  (4  tMs)3(AKu)-%  (88) 

linear  in  the  mobility  and  again  dominated  by  the  4t tMs  dependence 
of  dp.  If  it  is  assumed  that  a  pickup  loop  intercepts  one  half  of  the 
flux  emerging  from  the  magnetic  charges  forming  the  upper  surface 
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of  the  cylindrical  domain,  then  the  flux  change  produced  by  moving 
a  cylindrical  domain  under  the  loop  in  gauss  square  centimeters  is 


$  =  |  dl(4irMs)  =  6.4  X  10*AKu(4wM,)-a.  (89) 

If  it  is  assumed  that  this  flux  change  takes  place  in  the  time  required 
for  a  domain  driven  by  a  field  difference  of  0.1  (4t tMs)  to  propagate 
a  distance  dp  ,  the  induced  (MKS  practical)  voltage  is 

v  =  ~  m„(4 rf,)2  dp  X  10-  =  7.9  X  1C (90) 

V.  ACKNOWLEDGMENTS 

The  author  wishes  to  acknowledge  H.  E.  D.  Scovil  for  his  encourage¬ 
ment  to  complete  this  work,  A.  W.  Anderson  and  F.  B.  Hagedorn  for 
reading  the  manuscript  and  making  comments,  P.  I.  Bonyhard  for 
initially  demonstrating  the  usefulness  of  graphical  methods  for  obtain¬ 
ing  the  properties  of  the  solutions  to  the  force  equation  and  A.  H. 
Bobeck,  whose  experiments  provided  much  of  the  motivational  basis 
for  this  work. 


REFERENCES 


1.  Thiele,  A.  A.,  “The  Theory  of  Cylindrical  Magnetic  Domains/’  B.S.T.J.,  48, 

No.  10  (December,  1969),  pp.  3287-3335. 

2.  Thiele,  A.  A.,  “Theory  of  the  Static  Stability  of  Cylindrical  Domains  in 

Uniaxial  Platelets,”  J.  Appl.  Phys.,  41,  No.  3  (March,  1970?,  pp.  1139-1145. 

3.  Kooy,  C.,  and  Enz,  U.,  “Experimental  and  Theoretical  Study  of  the  Domain 

Configuration  in  Thin  Layers  of  BaFe^Oie ,”  Philips  Res.  Rep.,  15,  No.  1 
(February,  1960),  pp.  7-29. 

4.  Bobeck,  A.  H.,  “Properties  and  Device  Applications  of  Magnetic  Domains  in 

Orthoferrites,”  B.S.T.J.,  46,  No.  8  (October,  1967),  pp.  1901-1925. 

5.  Bobeck,  A.  H.,  Fischer,  R.  F.,  Perneski,  A.  J.,  Remeika,  J.  P.,  and  Van  Uitert, 

L.  G.,  “Application  of  Orthoferrites  to  Domain-Wall  Devices,”  IEEE  Trans. 
Magnetics,  5,  No.  3  (September,  1969),  pp.  544-553. 

6.  Perneski,  A.  J.,  “Propagation  of  Cylindrical  Magnetic  Domains  in  Orthofer¬ 

rites,”  IEEE  Trans.  Magnetics,  5,  No.  3  (September,  1969),  pp.  554-557. 

7.  Bobeck,  A.  H.,  unpublished  work. 

8.  Bobeck,  A.  H.,  and  Sherwood,  R.  C.,  unpublished  work. 

9.  Della  Torre,  E.,  and  Dimyan,  M.  Y.,  “Anisotropy  of  Wall  Energy  in  Ortho¬ 

ferrites,”  IEEE  Trans.  Magnetics  MAG-6,  No.  3  (September  1970),  pp. 
489^92. 

10.  Hagedorn,  F.  B.,  Tabor,  W.  J.,  and  Thiele,  A.  A.,  unpublished  work. 

11.  Shumate,  P.  W.,  unpublished  work. 

12.  Galt,  J.  K.,  “Motion  of  a  Ferromagnetic  Domain  Wall  in  Fe304 ,”  Phys.  Rev., 

85,  No.  4  (February,  1952),  pp.  664-669. 

13.  Galt,  J.  K.,  “Motion  of  Individual  Domain  Walls  in  a  Nickel-Iron  Ferrite,” 

B.S.T.J.,  38,  No.  5  (September,  1954),  pp.  1023-1054. 

14.  Dillon,  J.  F.,  Jr.,  and  Earl,  H.  E.,  Jr.,  “Domain  Wall  Motion  and  Ferromag- 


394 


netic  Resonance  in  a  Maganese  Ferrite,”  J.  Appl.  Phys.,  SO,  No.  2  (Feb- 
ruary,  1959),  pp.  202-213.  .  _ 

15.  Asti,  G.,  Colombo,  M.,  Giudici,  M.,  and  Levialdi,  A.,  “Magnetization  Dy¬ 

namics  in  Ba0-6Fe203  Single  Crystals  Using  Pulsed  Magnetic  Fields,’  J. 
Appl.  Phys.,  36,  No.  11  (November,  1965),  pp.  3581-3585. 

16.  Asti,  G.,  Colombo,  M.,  Giudici,  M.,  and  Levialdi,  A.,  “Domain-Wall  Motion 

in  Barium  Ferrite  Single  Crystals,”  J.  Appl.  Phys.,  38,  No.  5  (April,  1967), 
pp.  2195-2198. 

17.  Bobeck,  A.  H.,  “A  Second  Look  at  Magnetic  Bubbles,”  talk  given  at  the  Int. 

Magnetics  Conf.,  Washington,  D.  C.,  April  21-24,  1970. 

18.  Bobeck,  A.  H.,  Danylchuk,  I.,  Remeika,  J.  P.,  Van  Uitert,  L.  G.,  and  Walters, 

E.  M.,  “Dynamic  Properties  of  Bubble  Domains,”  talk  given  at  the  Int. 
Conf.  Ferrites,  Kyoto,  Japan,  July  6-9,  1970. 

19.  Rossol,  F.  C.,  “Domain-Wall  Mobility  in  Rare-Earth  Orthoferrites  by  Direct 

Stroboscopic  Observation  of  Moving  Domain  Walls,”  J.  Appl.  Phys.,  Ifi, 
No.  3  (March,  1969),  pp.  1082-1083. 

20.  Rossol,  F.  C.,  and  Thiele,  A.  A.,  “Domain  Wall  Dynamics  Measured  Using 

Cylindrical  Domains,”  J.  Appl.  Phys.,  41,  No.  3  (March,  1970),  pp.  1163- 
1164. 

21.  Gianola,  U.  F.,  Smith,  D.  H.,  Thiele,  A.  A.,  and  Van  Uitert,  L.  G.,  “Material 

Requirements  for  Circular  Magnetic  Domain  Devices,”  IEEE  Trans.  Mag¬ 
netics,  5,  No.  3  (September,  1969),  pp.  558-561. 

22.  Chikazumi,  S.,  Physics  of  Magnetism,  New  York:  John  Wiley  and  Sons,  Inc., 

1964,  Chap.  9. 

23.  Weiss,  P.  R.,  “The  Application  of  the  Bethe-Peierls  Method  to  Ferromag¬ 

netism,”  Phys.  Rev.,  74,  No.  10  (November,  1948),  pp.  1493-1504. 

24.  Hagedorn,  F.  B.,  Rossol,  F.  C.,  and  Smith,  D.  H.,  unpublished  work. 

25.  Rossol,  F.  C.,  “Temperature  Dependence  of  Rare-Earth  Orthoferrite  Proper¬ 

ties  Relevant  to  Propagating  Domain  Device  Applications,”  IEEE  Trans. 
Magnetics,  5,  No.  3  (September,  1969),  pp.  562-565. 

26.  Bobeck,  A.  H.,  Spencer,  E.  G.,  Van  Uitert,  L.  G.,  Abrahams,  S.,  Barns,  R., 

Grodkiewicz,  W.  H.,  Sherwood,  Schmidt,  P.,  Smith,  D.  H.,  and  Walters, 
E.  M.,  “Uniaxial  Magnetic  Garnets  for  Domain  Wall  Bubble  Devices, ” 
Appl.  Phys.  Letters,  17,  No.  3  (August  1970),  pp.  131-134. 

27  Strauss,  W.,  and  Smith,  G.  E.,  “Hall-Effect  Domain  Detector,”  J.  Appl.  Phys., 
41,  No.  3  (March,  1970),  pp.  1169-1170. 


395 


BUBBLE  LATTICES 


F.A.  DE  JONGE,  W.F.  DRUYVESTEYN 
Philips  Research  Laboratories,  Eindhoven, The  Netherlands 

ABSTRACT 

Hexagonal  lattices  of  magnetic  bubbles  can  be 
formed  in  thin  platelets  of  uniaxial  materials.  They  are 
characterized  by  the  lattice  constant  and  the  bubble 
diameter;  we  have  measured  both  as  a  function  of  the 
magnetic  field  normal  to  the  platelet.  These  measure¬ 
ments  were  carried  out  for  several  values  of  the  charac¬ 
teristic  length  L.  They  are  compared  with  the  calcu¬ 
lations  in  which  the  energy  of  a  bubble  lattice  is  mini¬ 
mized  with  respect  to  the  bubble  diameter  and  to  the 
lattice  constant. 


INTRODUCTION 


It  is  well  known  that  periodic  magnetic  domain 
structures  occur  in  thin  platelets  of  uniaxial  magnetic 
materials.  Examples  of  observed  periodic  structures  are 
periodic  strip  domains  ,  periodic  cylindrical  domains 
(bubbles)  2,  and  a  honeycomb  structure  jn  ref.  1,  4, 

5  the  energy  of  these  periodic  structures  has  been 
calculated,  minimized  with  respect  to  the  periodicity  as 
well  as  to  the  domain  size,  as  a  function  of  the  (re¬ 
duced)  magnetic  field  h  =  H/4TTMs  normal  to  the  platelet 
and  with  the  characteristic  length  L  =  <^w/4TlMg  as  a 
parameter  (crw  =  wall  energy  /unit  surface,  Mg  =  satu¬ 
ration  magnetization) .  It  can  be  shown  ^  that  a  periodic 
structure  of  cylindrical  domains  has  the  lowest  energy 
when  it  is  arranged  in  a  hexagonal  array.  We  will  pre¬ 
sent  here  experiments  on  these  hexagonal  "bubble” 
lattices.  The  configuration  is  shown  in  the  left-hand 
side  of  fig.  1 .  We  will  call  the  lattice  constant  D,  the 

bubble  diameter  2R  and 
the  thickness  of  the 
platelet  t.  The  mag¬ 
netic  field  H  normal  to 
the  platelet  will  be 
called  positive  if  the 
magnetization  within 
the  bubble  is  directed 

EZZ3  regions  with  mognetization 
opposite  to  H 


Fig.  1.  Configuration  of  the  lattices. 


Reprinted  with  permission  from  Proceedings  of  the  AIP  17th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials,  1971,  pp.  1 30-134. 
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opposite  to  H,  and  negative  if  this  magnetization  has 
the  same  direction  as  H* •  We  have  measured  D  and  2R  as 
a  function  of  H,  for  several  values  of  the  characteris¬ 
tic  length  L.  Both  D  and  2R  were  made  to  vary  freely 
with  the  magnetic  field  to  be  sure  that  the  situation 
of  minimum  energy  is  realised.  When  the  magnetic  field 
is  lowered  below  zero,  the  hexagonal  bubble  lattice 
changes  gradually  into  a  honeycomb  structure  (right- 
hand  side  of  fig.  1 ) 5  below  a  certain  negative-field 
value  this  structure  has  a  lower  energy,  as  shown  in 

ref.  5. 


EXPERIMENTS 

The  sample  used  was  a  single  crystal  of  a  garnet 

with  the  composition  Gd^  o2TbQ . 59EuO . 09Fe5°1 2  ^Lav^ng 
a  thickness  of  40|Lt.  The  domains  were  *  observed  by  means 
of  the  Faraday  rotation  technique.  As  the  magnetization 
of  the  material  is  strongly  dependent  on  the  tempera¬ 
ture,  the  sample  was  thermostated  by  a  gas  stream  of 
constant  temperature.  Various  values  of  l  =<tw/4hms2 
could  be  obtained  by  changing  this  temperature.  To  form 
bubble  lattices  a  circular  loop  of  about  3  mm  diameter 
was  used,  carrying  a  pulse  current  of  100  A,  with  a 
pulse  width  of  3  flsec  and  a  repetition  rate  of  50  Hz. 
Under  the  influence  of  the  inhomogeneous  field  existing 
near  the  edges  of  the  loop,  the  existing  serpentine 
domain  pattern  is  agitated.  When  the  loop  is  moved 
gradually  away  from  the  platelet  a  region  is  created  in 
which  the  pulse  field  is  no  longer  strong  enough  to 
shake  the  magnetic  structure.  In  this  region  a  regular 
array  of  bubbles  remains.  For  magnetic  field  values 
H  0  the  lattices  were  made  in  this  way.  The  lattices 
at  H  y  0  were  made  in  a  different  way:  at  first  a  lattice 
was  created  at  H  =  0,  the  bias  field  was  then  increased 
to  the  proper  value  and  modulated  by  an  A.C.  field  A  H 
parallel  to  H.  This  field  enhances  the  mobility  of  the 
bubbles  and  leads  after  a  short  time  to  the  equilibrium 
bubble  density  belonging  to  the  field  H+AH.  This  tech¬ 
nique  makes  it  possible  to  avoid  the  influence  of  the 
coercive  field  of  the  material;  the  bubbles  can  move  to 
seek  their  position  of  minimum  energy.  The  bubble  lattice 
was  surrounded  by  a  stripe  region  attached  to  the  edges 
of  the  platelet.  As  these  stripes  vary  their  length  under 
the  influence  of  the  bias  field,  the  bubble  lattice 
region  is  extended  or  compressed.  This  enables  a  vari¬ 
ation  of  the  bubble  density  upon  a  variation  in  the  field 
without  the  creation  or  the  collapse  of  the  bubbles. 

x  Formally  a  bubble  is  a  domain  with  its  magnetization 
antiparallel  to  the  magnetic  field.  Cylinders  with 
magnetization  parallel  to  the  field  will  also  be  called 
bubbles  in  this  context. 
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To  make  a  comparison  with  the  theory  it  is  neces¬ 
sary  to  know  the  values  of  L  and  Mg .  The  value  of  L  was 
determined  from  the  periodicity  of  a  strip  pattern  at 
zero  magnetic  field...  It  is  difficult  to  obtain  repro¬ 
ducible  results  if  one  measures  the  periodicity  in  the 
serpentine  structure  normally  present.  Therefore  a 
strip  "lattice”  was  created  having  the  stripes  straight 
and  parallel  over  a  long  distance.  This  was  achieved  by 
firstly  increasing  the  bias  field  to  saturate  the 
platelet,  applying  a  bias  field  modulation  of  10-100  kHz 
and  then  quickly  decreasing  the  bias  field  to  zero.  Once 
the  strip  lattice  constant  has  been  measured  the  L/t 
value  can  be  calculated  with  the  equations  given  in  ref. 
1.  With  L/t  known  the  saturation  magnetization  can  be 
determined  from  the  collapse  field  and  from  the  run-out 
field  of  an  isolated  bubble.  The  calculations  reported 
by  Thiele  ^  give  for  each  L/t  value  a  h  =  H0/4T(Ms  value 
for  the  collapse  and  run  out  of  a  bubble.  By  measuring 
Hcon  and  Hrun  ou-^  >  one  determines  iir  two  ways  the  Mg 
value.  Figs.  2  and  3  give  the  results  of  the  measure¬ 
ments,  together  with  the  calculated  curves. 


Fig.  2.  Lattice  constant  Fig.  3.  Bubble  radius 

as  a  function  of  the  mag-  as  a  function  of  mag¬ 
netic  field.  netic  field. 

The  field  at  which  the  transition  to  a  honeycomb  lattice 
takes  place  is  also  shown.  At  each  L/t  value  two  or 
three  measurements  were  carried  out  which  differed  at 


398 


most  by  5$  in  D/t  and  by  10 ^  in  2R/ t .  The  figures  give 
tbe  averages  of  these  measurements. 

DISCUSSION 

The  bubble  lattices  sometimes  exhibited  defects, 
such  as  edge  dislocations,  grain  boundaries,  vacancies, 
interstitials.  These  bubble  lattice  defects  are  not 
necessarily  attached  to  material  imperfections,  but  are 
the  result  of  an  inaccurate  formation  of  the  lattice. 

An  example  of  such  a  bubble  lattice  defect,  an  edge 
dislocation,  is  shown  in  fig.  4.  EA  is  the  direction  of 

the  Burgers 
vector.  The 
elongated 
bubble 
demon¬ 
strates  the 
severe 
”stre ss " 
field  at 
the  core  of 
the  dislo¬ 
cation.  As 
the  lattice 
constant  D 
is  de¬ 
termined  by 
counting  a 
large  number 
of  bubbles 

Fig.  4.  Edge  dislocation.  within  a 

region  of 

known  magnitude,  the  error  in  the  determination  of  D  due 
to  lattice  defects  can  be  neglected.  The  bubbles  them¬ 
selves  are  not  always  perfectly  circular.  If  one 
decreases  the  field  from  a  high  positive  value  they  are 
at  first  circular,  become  elliptic  and  go  over  into  the 
prisms  of  the  honeycomb  lattice  at  negative  field  values. 
The  number  of  bubbles  is  not  affected  by  this  deviation 
of  the  circular  shape,  nor  therefore  is  the  lattice 
constant.  The  bubble  diameter  is  taken  to  be  the  average 
of  the  largest  and  smallest  "diameter"  of  the  ellipse  or 
prism.  With  increasing  L/t  the  bubble  diameter  and  the 
lattice  constant  become  larger.  It  is  no  longer  possible 
to  measure  only  a  part  of  a  large  lattice,  because  the 
edges  of  the  platelet  are  no  longer  far  away  from  this 
part.  Thus  the  accuracy  of  the  measurements  decreases 
with  increasing  L/t. 

The  transition  of  a  bubble  lattice  into  a  honeycomb 
structure  takes  place  very  gradually  and  thus  one  must 
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rather  arbitrary  specify  the  field  at  which  the  tran¬ 
sition  takes  place.  In  the  calculations  only  bubble 
lattices  and  honeycomb  lattices  are  considered,  excluding 
intermediate  structures.  The  large  discrepancy  between 
calculated  and  experimental  values  is  therefore  not 
surprising. 

As  the  accuracy  in  the  determination  of  L/t  and  Mg  could 
be  estimated  to  be  respectively  10 $  and  the  experi¬ 

ments  agree  quite  well  with  the  calculations. 
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The  Formation  and  Structure  of  Cylindrical  Magnetic  Domains 

in  Thin  Cobalt  Crystals 

By 

P.  J.  Grundy,  D.  C.  Hothersall,  G.  A.  Jones,  B.  K.  Middleton, 

and  R.  S.  Tebble 

Arrays  of  cylindrical  domains,  “bubbles”,  in  basal  foils  of  cobalt  may  be  produced  by 
the  application  of  magnetic  fields  along  the  c-axis.  The  bubbles  are  observed  directly  in  the 
electron  microscope  and  coexist  with  plate  domains  in  fields  up  to  15  kOe.  Two  types  of 
bubbles  exist  identified  by  the  presence  or  not  of  constituent  Bloch  lines.  The  comparative 
energies  of  the  two  types  of  bubbles  are  calculated  including  a  detailed  theoretical  treat¬ 
ment  of  the  Bloch  lines.  Possible  nucleation  mechanisms  responsible  for  the  formation  of 
both  sorts  of  bubbles  are  discussed. 

Anordnungen  von  zylindrischen  Domanen,  ,, bubbles44,  in  ebenen  Kobaltschichten  lassen 
sich  durch  Anlegen  eines  Magnetfeldes  in  Richtung  der  c-Achse  erzeugen.  Die  „bubbles“ 
werden  direkt  im  Elektronenmikroskop  beobachtet  und  existieren  zusammen  mit  Tafel- 
domanen  bis  zu  Feldern  von  15  kOe.  Zwei  Typen  von  ,,bubbles“  existieren,  die  durch  die 
Anwesenheit  oder  Nichtanwesenheit  von  Teil-Blochlinien  identifiziert  wurden.  Die  Ener- 
gien  der  beiden  Typen  von  ..bubbles44  werden  berechnet,  wobei  eine  detaillierte  theoretische 
Behandlung  der  Blochlinien  eingeschlossen  ist.  Mogliche  Keimbildungsmechanismen,  die 
fur  die  Bildung  der  beiden  Sorten  von  ,, bubbles44  verantwortlich  sind,  werden  diskutiert. 

1.  Introduction 

The  structure  and  formation  of  cylindrical  (bubble)  domains  in  oxide  materials 
such  as  orthoferrites  and  garnets  have  been  the  subject  of  numerous  papers 
during  the  development  of  their  device  application.  We  have  recently  confirmed 
the  existence  of  cylindrical  domains  in  cobalt  [1,  2],  so  far  the  only  simple  metal 
in  which  these  structures  have  been  reported.  They  have  been  observed  in 
single  crystals  of  cobalt  some  0.1  to  0.5  (xm  in  thickness  using  the  technique  of 
Lorentz  electron  microscopy.  Formation  of  the  bubble  domains  requires  the 
application  of  magnetic  fields  of  the  order  of  104  Oe  and  the  structures  are 
stable  at  remanence  with  a  bubble  diameter  of  0.1  to  0.5  p.m  i.e.  approximately 
equal  to  the  crystal  thickness.  This  paper  describes  experiments  which  indicate 
the  conditions  favourable  to  bubble  formation  and  some  discussion  is  given  of 
possible  mechanisms  involved  in  the  formation  of  bubbles.  Also  a  detailed 
analysis  is  given  of  the  structure  of  the  two  distinct  types  of  bubble  domains 
that  are  found  experimentally  and  reasons  are  put  forward  for  the  existence  of 
these  variations. 

2.  Experimental 

Bubble  domain  structures  were  observed  in  thin  sections  of  cobalt  with  the 
easy  axis  of  magnetization  (the  hexagonal  e-axis)  normal  to  the  plane  of  the 
section.  The  specimens  were  produced  by  electropolishing  thin  slices  of  single 
crystals  of  the  correct  orientation  and  the  resulting  foils  have  a  tapered  cross- 
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section  so  that  areas  of  the  crystal  transparent  to  the  electron  beam  do  not,  in 
general,  have  parallel  surfaces.  The  defocussed  mode  of  Lorentz  electron  micro¬ 
scopy  (in  100  and  750  kV  microscopes)  was  used  to  examine  the  specimens. 
In  order  to  produce  the  cylindrical  domains  it  was  necessary  to  apply  a  magnetic 
field  normal  to  the  plane  of  the  specimen  and  for  this  magnets  giving  dc  fields 
of  up  to  25  kOe  and  a  pulsed  field  of  80  kOe  were  available.  The  magnetic  field 
of  the  objective  lens  of  the  microscopes  was  also  available  to  achieve  this  with 
about  5  kOe  in  the  100  kV  instrument  and  up  to  at  least  15  kOe  in  the  750  kV 
instrument.  A  component  of  field  could  be  produced  in  the  plane  of  the  crystal 
by  tilting  or  misaligning  the  specimen  in  the  magnetic  field  or  in  the  lens  field. 
If  necessary  a  specimen  could  be  observed  in  zero  field  by  raising  it  above  the 
objective  lens  field. 

3.  Results  of  Observations  of  Bubble  Domains 

Some  empirical  conditions  necessary  for  the  production  of  bubble  domains  in 
cobalt  have  been  discussed  elsewhere  [2]  .  The  most  important  requirement  is 
that  a  magnetic  field  (»  104  Oe)  must  be  applied  parallel  to  the  [0001]  c-axis 
of  a  thin  crystal  oriented  in  the  basal  plane.  Fields  of  this  order  are  sufficient 
to  produce  some  bubbles  at  “remanence”  from  an  otherwise  strip  or  plate 
domain  structure.  The  use  of  the  word  remanence  does  not  necessarily  imply 
magnetic  saturation  but  can  be  the  result  of  magnetizing  through  a  minor  loop. 
Fig.  1  illustrates  the  situation  schematically. 

Any  bubble  structure  produced  by  the  applied  field  is  stable  on  removal  of 
the  field  and  it  is  clear  that  the  field  must  be  applied  within  a  few  degrees  of 
the  c-axis  or  otherwise  bubbles  are  not  observed. 

Fig.  2  is  a  typical  micrograph  of  a  specimen  at  remanence  after  being  sub¬ 
jected  to  a  field  of  20  kOe.  The  magnetic  structure  consists  of  both  plate 
domains  and  clusters  of  bubble  domains.  The  bubbles  tend  to  take  up  the' 
lowest  energy  arrangement,  that  of  hexagonal  close-packing.  The  method  of 
observation  allows  the  sense  of  magnetization  rotation  within  the  domain  wall 
to  be  determined  [1,  3].  In  the  plate  structures,  two  adjacent  walls  are  defined 
as  having  an  unwinding  configuration  if  the  spins  rotate  in  opposite  senses  and 
a  winding  configuration  if  they  rotate  in  the  same  sense,  see  Fig.  1.  As  pointed 
out  previously  [1,  2]  the  bubble  domains  are  of  two  sorts,  type  1  in  which 
surrounding  walls  are  magnetized  continuously  either  clockwise  or  anticlockwise 
as  at  A  in  Fig.  2,  and  type  2  with  the  magnetization  opposed  in  the  two  halves 
of  the  wall  producing  a  pair  of  Bloch  lines,  at  B  in  Fig.  2.  It  is  clear  from  this 
micrograph  that  the  diameter  of  the  cylindrical  domains  is  twice  that  of  plate 
domains  at  the  same  crystal  thickness,  and  it  has  also  been  calculated  that  at 
remanence  the  ratio  of  bubble  diameter  to  bubble  separation  is  0.73. 

The  majority  of  cylindrical  domains  in  Fig.  2  are  of  type  1,  however  in  some 
cases  the  application  of  a  large  magnetic  field  produces  almost  entirely  type  2 
bubbles.  This  situation  is  evident  in  Fig.  3  which  is  a  micrograph  of  a  specimen 


Fig.  1.  A  schematic  representation  of  the  magnetiza¬ 
tion  distribution  of  plate  domains  and  bubbles.  The 
applied  field  direction  is  indicated 
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Fig.  2.  Cylindrical  and  plate  domains  in  a  foil  after  Fig.  3.  Cylindrical  and  plate  domains  in  a  foil  after 
removal  of  a  20  kOe  field.  The  structures  at  A  are  removal  of  an  80  kOe  pulsed  field 

type  1  bubbles,  at  B  is  a  type  2  bubble.  C  is  described 
in  text 

at  remanence  after  the  application  of  a  pulsed  field  of  80  kOe.  The  magnetic 
state  of  the  crystal  possesses  anisotropic  properties  in  that  (i)  all  the  plate  domains 
have  walls  that  are  unwinding,  (ii)  all  the  cylindrical  domains  are  of  type  2, 
(iii)  the  Bloch  lines  in  both. plates  and  bubbles  are  aligned.  These  features 
are  illustrated  schematically  in  the  interpretation  of  Fig.  4  which  is  confirmed 
by  the  analysis  of  the  contrast  in  the  electron  micrograph.  By  its  singular 
nature  a  Bloch  line  will  have  a  higher  energy  density  than  an  ordinary  wall  and 
clearly  some  influence  must  be  accountable  for  the  almost  exclusive  formation 
of  type  2  bubbles.  The  most  obvious  explanation  is  the  presence  of  a  component 
of  applied  field  in  the  plane  of  the  foil  which  would  align  the  “halves”  of  the 
type  2  bubbles  and  determine  the  sense  of  rotation  of  all  the  domain  walls,  see 
Fig.  4.  Section  4  deals  in  more  detail  with  the  structure  and  energy  of  the 
Bloch  lines.  This  type  of  configuration  is  sometimes  observed  after  application 
of  the  20  kOe  field  but  obviously  much  smaller  planar  components  will  result 
than  from  the  80  kOe  field.  _ _ _ _ 


•Fig.  4.  Schematic  representation  of  the  domain  struc-  Fig.  5.  A  group  of  bubbles  present  in  an  applied  field 
tore*  in  Fig.  3.  The  planar  field  direction  is  indicated  of  5  kOe 
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The  magnetic  fields  associated  with  the  objective  lens  of  an  electron  micro¬ 
scope  are  sufficiently  strong  to  produce  cylindrical  domains  in  demagnetized 
specimens.  In  a  5  kOe  field  small  clusters  of  cylindrical  domains  [1],  Fig.  5, 
are  sometimes  formed  but  this  is  a  fairly  rare  event.  In  the  lens  field  of  the 
high-voltage  electron  microscope  (15  kOe  at  500  kV)  the  event  is  quite  common 
and  certain  results  give  indications  of  a  mechanism  which  could  be  important 
in  the  formation  of  cylindrical  domains.  The  micrograph  in  Fig.  6  shows  a 
system  of  oriented  plate  domains,  separated  by  unwinding  walls,  which  in 
certain  places  have  divided  into  smaller  units  including  bubbles.  All  the  bubbles 
are  type  2  and  the  Bloch  lines  in  the  plates  and  bubbles  are  disposed  in  a  way 
consistent  with  the  presence  of  a  field  component  in  the  foil  plane.  In  situations 
of  this  kind  it  is  possible  to  see  a  correlation  between  a  particular  cylindrical 
domain  and  a  particular  plate  domain ;  this  would  not  be  the  case  if  the  bubbles 
had  formed  or  arrayed  themselves  in  a  close  packed  cluster  (this  point  is  dealt 
with  further  in  Section  5). 


4.  Structure  and  Energy  of  Bloeh  Lines 

The  term  Bloch  line  has  been  used  to  describe  those  regions  over  which  the 
change  in  sense  of  magnetization  occurs  in  the  domain  walls  of  type  2  bubbles. 
A  simple  model  of  the  structure  inside  such  a  Bloch  line  is  shown  in  Fig.  7. 
Outside  the  line  the  magnetization  rotates  in  the  plane  of  the  wall  (0  =  0  or  n) 
while  inside  the  line  the  plane  of  rotation  (defined  by  0)  varies  so  that  in  the 
middle  of  the  line  the  rotation  of  magnetization  is  normal  to  the  plane  of  the 
wall. 

Jakubovics  [4]  has  shown  that  if  the  width  of  the  wall  is  small  compared 
with  the  film  thickness,  magnetostatic  interaction  of  the  wall  with  the  domains 
on  either  side  has  negligible  effect  on  its  energy.  For  this  reason  the  energy 
terms  in  the  wall  can  be  calculated  in  isolation  of  the  total  structure,  and  later 
this  wall  energy  can  be  added  to  the  other  energy  terms  to  give  the  total  energy 
of  the  whole  structure. 


Fig.  6.  A  system  of  bubbles  present  in  a  15  kOe  field. 
The  direction  of  the  field  component  in  the  foil  plane 
is  indicated 
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In  the  model  envisaged  in  Fig.  7  the  Bloch  line  has  a  combination  of  the 
properties  of  both  Bloch  and  ‘head-on’  walls.  These  types  of  walls  have  been 
studied  in  the  literature  [5,  6]  and  consequently  the  Bloch  line  energy  can  be 
estimated.  This  has  been  done  in  the  Appendix  for  a  simple  model,  where  the 
energy  per  unit  area  of  the  line  (in  the  xz  plane)  is  shown  to  be 

EB  =  71(2  A  K)  1/2  +  Aa~~  +  7iM\b  =  yB+  +  n  Ml  b  ,  (1) 

4  0/  ^  ® 

where  b  =  n(Aj2K )1/2  and  a  =16  b\n 3  +  [(16/^3)2  b2  +  A  71/(4  M;)]1!'2.  K  is  the 
first  magnetocrystalline  anisotropy  constant  of  cobalt,  A  is  the  exchange  con¬ 
stant,  and  Mb  the  saturation  magnetization. 

The  first  term  in  the  energy  expression  is  the  normal  wall  energy  while  the 
other  terms  arise  from  the  extra  exchange  and  magnetostatic  energy  within  the 
line.  Calculations  show  that  yB  =  9.7  erg  cm-2  and  Eti  =  17.6  erg  cm-2.  Also 
evaluation  reveals  that  b  =  100  A  and  a  =  132  A  so  the  line  does  in  fact  have 
an  elongated  cross-section. 

To  find  the  contribution  of  the  Bloch  line  to  the  total  energy  of  a  bubble 
domain  system  it  is  necessary  to  take  into  account  the  extra  energy  terms 
arising  from  stray  fields  produced  by  the  line.  In  a  straight  wall  these  energy 
contributions  are  given  by  the  last  term  in  equation  (Al).  However  magneto¬ 
static  interactions  are  essentially  long-range  and  it  is  necessary  to  calculate 
these  for  a  particular  geometry.  In  addition,  the  close  proximity  of  bubbles 
and  Bloch  lines,  as  shown  in  Fig.  6,  will  vastly  effect  and  reduce  this  energy 
term,  so  that  the  essential  contribution  is  assumed  to  arise  from  the  terms  of 
equation  (1). 

Adding  in  the  extra  Bloch  line  energy  of  a  type  2  bubble,  the  total  energy 
density  of  a  film  containing  a  hexagonal  array  of  such  bubbles  is 

E  =  %+1.812^  +  ^(EB-yB)2a. 


The  second  term  in  this  expression  was  derived  by  Craik  et  al.  [7]. 
two  terms  are  dominant  and  the  equilibrium  radius  is  given  by 


R  = 


y  D 

1.812  311 


11/2 


The  first 


(2) 


In  this  case  the  proportional  contribution  of  the  Bloch  lines  to  the  total  bubble 
energy  falls  as  D~ll2  and  for  a  thickness  of  1000  A  contributes  7%  of  the  total 
bubble  energy. 

Having  obtained  this  figure  for  the  energy  it  is  now  possible  to  calculate  the 
magnitude  of  field  in  the  plane  of  the  film  that  is  necessary  to  make  type  2 
bubbles  energetically  more  favourable  than  type  1 . 

Referring  to  Fig.  8  the  excess  field  energy  of  a  type  2  bubble  is  given  by 

-SR2MH  2  6£»cos||--|jd;  =  -8  MH  RbD, 


where  H  is  the  applied  planar  field  component  and  l  the  length  of  arc  round  the 
bubble  periphery.  M  is  the  effective  magnetization  (2  3IJti)  assumed  uniform 
across  any  cross-section  of  the  bubble  wall. 
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Once  again  allowing  for  the  extra  Bloch  line  energy  then  the  total  excess 
energy  of  a  type  2  bubble  compared  with  a  type  1  is 

Ex  =  2  (En  —  2  a  D  —  8  b  M  H  R  D  .  (3) 

Putting  Ex  =  0  should  give  the  value  of  H  at  which  type  2  becomes  energetically 
more  favourable.  Under  these  circumstances  (3)  becomes 

H  __  (^u  —  y,j)  a  (4) 

2b  M  R 

It  can  be  seen  from  equations  (2)  and  (4)  that  the  field  to  produce  type  2  bubbles 
decreases  as  film  thickness  increases.  For  a  film  thickness  of  1000  A  the  value 
of  field  can  be  calculated  as  1140  Oe.  It  is  perhaps  surprising  that,  although 
the  Bloch  lines  provide  only  a  small  proportion  of  the  total  bubble  energy,  such 
a  large  field  is  required  to  make  them  more  favourable.  If  such  large  planar 
components  of  field  were  present  as  saturating  fields  were  being  re  moved  then 
it  is  to  be  expected  that  these  would  have  a  significant  effect  on  the  bubble 
nucleation  process.  Therefore  it  would  seem  that  the  presence  of  type  2  bubbles 
is  more  of  an  indication  of  the  nucleation  process  than  of  an  equilibrium  state 
of  the  film. 


5.  Mechanisms  of  Bubble  Formation 
5.1  In  increasing  field 

According  to  a  recent  theoretical  study  [8]  a  system  of  bubble  domains  in 
cobalt  has  a  lower  energy  density  than  a  plate  domain  structure  for  fields 
^  4  kOe.  This  figure  pertains  to  foil  thickness  in  the  range  relevant  to  the 
present  paper.  Although  small  clusters  of  bubbles  can  be  created  in  fields  as  low 
as  5  kOe  (see  Fig.  5)  it  is  clear  from  micrographs  such  as  Fig.  6  that  the  plate 
domain  structure  is  still  retained  over  considerable  areas  in  comparatively 
high  fields.  The  reluctance  to  form  bubbles,  noted  previously  [8],  may  be  attrib¬ 
uted  to  an  energy  barrier  between  the  two  configurations  or  possibly  a  lack 
of  suitable  nucleation  sites. 

It  has  already  been  suggested  above  that  for  foils  subjected  to  an  increasing 
field  the  most  notable  mechanism  of  bubble  formation  is  that  of  pinching. 
The  process  is  illustrated  schematically  in  Fig.  9.  Even  in  the  remanent  state 
the  end  of  a  plate  domain  bulges  out  in’an  effort  to  reduce  magnetostatic  energy. 
As  the  field  is  applied  and  increased  the  plate  domain  necks,  eventually  forming 
a  Bloch  line.  Sometimes  a  whole  row  of  contiguous  bubbles  is  produced  each 
joined  to  its  neighbours  by  these  lines.  If  a  bubble  is  isolated  from  the  parent 
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fig.  Proposed  model  of  a  type  2  bubble  for  ealeula-  Fig.  1).  Schematic  representation  of  the  pinching  meeh- 
tion  of  excess  energy.  Applied  planar  field  dim  tion  is  anism  responsible  for  the  formation  of  type  2  bubbles 
shown 
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plate  domain  two  singularities  must  be  created,  one  in  the  bubble  wall  and 
one  in  the  plate  wall.  A  similar  process  occurs  for  type  1  bubbles  but  here  no 
Bloch  line  is  involved.  In  a  recent  paper  della  Torre  [9]  showed  that  applied 
fields  in  the  range  0.6  (4  n  Ms)  to  4  n  are  required  to  drive  neighbouring 
walls  together,  an  essential  part  of  the  pinching  mechanism.  These  estimates 
of  field  are  in  agreement  with  those  found  experimentally.  It  is  clear  that  the 
simple  comparison  of  energies  between  different  configurations  is  not  sufficient 
to  predict  the  presence  or  not  of  bubbles  in  a  given  field.  Actually  the  energy 
difference  between  the  two  types  of  structures  is  only  5x  104  erg  cm-3  [8]  for 
a  4000  A  thick  cobalt  foil  in  a  field  of  14.5  kOe. 

5.2  In  a  field  reducing  from  saturation 

Owing  to  experimental  limitations  it  has  not  been  possible  to  observe  the 
details  involved  in  this  process.  However,  it  is  reasonable  to  propose  that  one 
of  the  three  following  mechanisms  occurs:  a)  the  simultaneous  formation  of 
plates  and  bubbles;  b)  the  nucleation  by  a  coherent  rotation  process  of  strips 
of  magnetization  producing  a  plate  domain  structure,  part  of  which  changes  to 
the  bubble  domains  by  the  “pinching”  process,  or  c)  the  sole  production  of 
bubble  nuclei  at  high  fields,  some  of  which  coalesce  as  the  field  is  reduced  to 
form  plate  domains. 

If  either  a)  or  b)  is  the  actual  process  the  cylindrical  domains  formed  are  not 
“bubbles”  in  the  technical  sense,  since  they  always  coexist  with  plate  domains. 
A  result  of  mechanism  a)  and  b)  would  be  that  all  closed  plate  domains  would 
have  unwinding  walls  and  that  two  out  of  three  adjacent  walls  must  be  unwind¬ 
ing.  The  study  of  many  micrograhps  has  shown  no  consistent  correlation  with 
this  condition.  On  transformation  these  domains  could  produce  type  1  bubbles 
by  a  pinching  effect  in  which  the  Bloch  line  moves  away  from  the  end  of  the 
plate  domain  to  the  neck  as  at  C  in  Fig.  2.  Type  2  bubbles  could  also  be  formed 
by  the  method  shown  in  Fig.  9.  In  mechanism  c)  type  1  bubbles  could  be 
nucleated  by  a  curling  process  about  the  axis  of  the  cylinder.  In-plane  com¬ 
ponents  of  field  could  promote  the  formation  of  directional  nuclei  which  give 
type  2  bubbles  as  in  Fig.  3.  In  view  of  these  points  it  seems  that  mechanism  c) 
is  the  most  likely. 

6.  Conclusion 

Conditions  for  the  production  of  remanent  domain  structures  have  been 
determined.  It  has  been  found  that  the  numbers  of  bubbles  in  the  remanent 
state  increase  with  the  applied  field  from  5  to  18,kOe  but  no  increase  in  numbers 
occurs  for  fields  greater  than  «18  kOe.  The  field  must  be  applied  within  a  few 
degrees  of  the  c-axis  of  the  specimen.  Observations  of  structures  in  an  applied 
field  have  shown  that  bubble  and  plate  structures  coexist  up  to  fields  of 
15  kOe. 

The  effect  of  in-planar  fields  has  been  discussed  with  reference  to  the  produc¬ 
tion  and  energy  of  type  2  bubbles. 

Mechanisms  for  the  formation  of  bubble  domains  in  an  increasing  field,  and 
in  a  field  reducing  from  saturation  have  been  discussed  in  Section  5. 
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Appendix 

The  model  used  to  determine  the  characteristics  of  a  Bloch  line  in  a  straight 
180°  Bloch  wall  in  a  basal  oriented  cobalt  foil  of  thickness  D  is  shown  in  Fig.  7. 
The  wall  stretches  from  z  =  +c  to  2  =  —  c  while  the  length  of  wall  occupied 
by  the  line  is  2  a.  The  width  of  the  wall  is  2  b  and  it  is  assumed  the  film  thickness 
is  large  i.e.  D  b,  a. 

The  following  simple  magnetization  distribution  is  assumed : 

0  =  0  y  >  b  , 

0  —  71  y  <  —b  , 


0  =  0  2  >  a :  , 

0  =  n  2  <  —a  , 

0  =  !(r_l)  «>*>-«. 


The  energy  contributions  are  now  calculated  and  expressed  in  terms  of  energy 
per  unit  thickness  of  film.  Only  the  formulae  used  and  the  results  will  be  quoted 
since  all  the  algebra  is  straightforward. 

The  anisotropy  energy  EK  is  given  by 

vb 

Ek  —  2  c  f  K  sin2  6  dy  =  2  K  b  c  . 

l, 

The  exchange  energy  EA  is  given  by  the  sum  of  two  terms.  The  first  correspond¬ 
ing  to  the  wall  (outside  the  line)  while  the  second  corresponds  to  the  region  inside 
the  line. 

••  b  -  a  •  h 

Ea  =  2  (c  —  a)  A  j  dy  +  A  J  J  [(grad  a)2  +  (grad/3)2  +  (grady)2]  dy  ds  , 

—  b  —  a  —  b 

where  a,  /?,  and  y  are  the  direction  cosines  of  the  magnetization  inside  the  line, 
and  can  be  seen  to  have  values 

a  =  cos  0  , 

fi  —  —sin  0  sin  0  , 

y  =  sin  0  cos  0  . 

Making  use  of  these  EA  is  now  evaluated  as 

c  A  7i  -  .4  n,  '1  b 

Ea  =  4. .  . 
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The  magnetostatic  energy  within  the  line  arises  from  different  aspects  of 
magnetization  rotation:  the  first  from  a  rotation  of  the  magnetization  out  of 
the  plane  of  the  wall  while  the  second  is  from  a  rotation  in  the  plane  of  the  wall. 
The  former  is  typical  of  a  Bloch  wall  while  the  latter  resembles  a  ‘head-on’  wall 
[6].  Following  Aharoni  [5]  and  Jones  and  Middleton  [6]  the  energy  Elu  i  is  given 

*>y 

4-  ®  +6 

Eni  i  =  j  j"  (b  V2  +  o  /?2)  dy  dz  =2  nM%ab  . 

—  a  —  b 

The  only  other  term  is  the  interaction  between  the  stray  field  of  the  Bloch 
line  and  the  magnetization  along  the  wall.  This  again  is  typical  of  the  ‘head-on’ 
wall  [10]  and  the  corresponding  energy  Em  2  is  given  by 

Em.,  =  16F2  62  In—  , 

d 


where  M  is  the  average  component  of  the  magnetization  along  the  wall,  and 

is  given  by  M  =  2  MJn. 

The  total  energy  ET  of  the  wall  is  now 


Et  =  2  A”  b  c  +  cA  jl2-  +  A  f  6  +2n  M%  a b  +  16  J/2  In  - .  ( A1 ) 

b  2  a  a 


The  first  two  terms  are  the  energy  that  would  be  present  if  there  were  no  Bloch 
line  present.  The  third  and  fourth  terms  are  the  extra  exchange  and  magneto¬ 
static  energies  within  the  line.  The  last  is  due  to  the  interaction  of  field  from 
the  Bloch  line  with  the  magnetization  outside  the  line  and  in  the  wall. 

If  c  is  large  the  first  two  terms  dominate  and  minimization  with  respect  to  b 


gives 


(A2) 


The  minimization  with  respect  to  a  gives 


16  b  , 

a  ~  "“T 
7l3 


A  71 

±Mi 


i/- 


By  substitution  and  evaluation  it  is  found  that  a  =  100  A  and  b  =  132  A. 
Therefore  the  line  is  elongated. 

In  addition  the  average  energy  density  per  unit  surface  area  (in  the  xz  plane) 
of  the  line  is  given  by  ET/ 2  a ,  where  ET  is  given  by  equation  (Al)  with  c  =  a. 
Substitution  of  b  from  (A2)  into  (Al)  jdelds 


EB  =  tz[2  A  Kyi*  + 


A  7i2  b 
4  a2”” 


+  7i  M  i  b 


7  b  + 


ATi2b 
4  a2 


-j-  7i  M ;  b  , 


where  is  the  familiar  Bloch  wall  energy.  Evaluation  gives  ylt  =  9.7  erg  cm-2 
and  En  =  17.6  erg  cm-2. 


409 


References 

[1]  P.  J.  Grundy,  D.  C.  Hothersall,  and  R.  S.  Tebble,  J.  Phys.  D  4,  174  (1971). 

[2]  p!  j!  Grundy  j  D.  C.  Hothersall,  G.  A.  Jones,  B.  K.  Middleton,  and  R,  S.  Tebble, 
IEEE  Trans.  Magn.  (Sept.  1971). 

[3]  D.  C.  Hothersall,  Phil.  Mag.  24.  241  (1971). 

[4]  J.  P.  Jakubovics,  Phil.  Mag.  14,  881  (1966). 

[5]  A.  Aharoni,  J.  appl.  Phys.  37,  327  (1966). 

|6]  G.  A.  Jones  and  B.  K.  Middleton,  J.  Phys.  D  2,  685  (1969). 

[7]  D.  J.  Craik,  P.  V.  Cooper,  and  W.  F.  Druyvesteyn,  Phys.  Letters  (Netherlands) 
34 A,  244  (1971). 

[8]  W.  F.  Druyvesteyn  and  J.  W.  F.  Dorleijn,  Philips  Res.  Rep.  26,  11  (1971). 

[9]  E.  della  Torre,  IEEE  Trans.  Magn.  6,  822  (1970). 

[10]  G.  A.  Jones  and  B.  K.  Middleton,  phys.  stat.  sol.  (a)  3,  K259  (1970). 

( lieceived  A  ugust  0,  1071) 


410 


The  Energy  and  General  Translation 
Force  of  Cylindrical  Magnetic  Domains 
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In  this  paper  we  compute  the  change  in  the  energy  of  a  uniformly 
magnetized  uniaxial  platelet  produced  by  the  introduction  of  a  cylin¬ 
drical  domain.  Differentiation  of  the  energy  expression  yields  the 
translational  force  produced  by  gradients  in  plate  thickness,  material 
composition,  or  temperature.  The  force  expressions  provide  a  means  for 
estimating  the  effect  of  gradients  in  these  parameters  on  the  margins  of 
domain  devices.  Equating  the  sum  of  the  gradient  produced  forces  to 
the  drag  force  yields  a  general  domain  velocity  expression.  The  various 
results  are  presented  in  both  graphical  and  tabular  form. 

I.  INTRODUCTION 

Magnetic  memory  and  logic  devices  employing  cylindrical  domains 
in  uniaxial  platelets  have  recently  received  considerable  attention.1’2 
The  theory  of  the  static  stability  of  these  domains3  and  its  application 
to  cylindrical  domain  devices4,3  have  been  discussed  in  previous  papers. 
This  paper  is  concerned  with  the  translational  forces  acting  on  the 
domains  and  their  effect  on  device  performance. 

*  Present  address  Department  of  Electrical  Engineering,  McMaster  University, 
Hamilton,  Ontario. 
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In  most  device  applications,  cylindrical  domains  are  propagated  by 
gradients  in  the  applied  field.1*2  Cylindrical  domains  may,  however,  be 
propagated  by  gradients  in  any  of  the  independent  parameters  which 
determine  the  total  domain  energy.  These  parameters  are:  the  applied 
field,  H ;  the  plate  thickness,  h ;  the  saturation  magnetization,  Ms  ; 
and  the  wall  energy  density,  crw  .  The  domain  radius,  r;{) ,  is  not  an 
independent  parameter  for  domains  in  equilibrium  but  is  determined 
once  the  other  parameters  are  specified.  The  gradients  in  aw  and  Ms 
may  be  produced  by  composition  gradients,  strain  gradients  or  tem¬ 
perature  gradients.  Composition  or  thickness  gradients  may  be  used  to 
provide  forces  which  are  functions  of  position  only,  while  temperature 
or  strain  gradients  may  be  used  to  provide  time  variable  forces. 

The  translational  force  is  obtained  by  differentiation  of  the  total 
domain  energy  expression  with  respect  to  position,  under  the  assump¬ 
tion  that  the  gradients  in  the  domain  parameters  which  produce  the 
translational  force  are  sufficiently  small  that  the  domain  remains 
circular  and  stable;  consequently  the  energy  expression  remains  valid. 
Since  this  method  of  computing  the  force  is  independent  of  the  de¬ 
tailed  stress  pattern  which  produces  the  domain  motion,  no  estimate 
of  the  shape  distorting  tendency  of  the  various  parameters  is  obtained. 
Equating  the  sum  of  the  translational  forces  to  the  drag  force  yields 
the  general  velocity  equation,  and  comparing  the  magnitudes  of  the 
various  forces  yields  their  effects  on  device  operation. 

II.  DOMAIN  ENERGY 

The  energy  change  produced  by  the  introduction  of  a  single  isolated 
circular  180°  domain  into  an  infinite  plate  of  uniaxial  magnetic 
material  which  is  otherwise  uniformly  magnetized  along  the  average 
plate  normal  (the  z  axis)  is  now  calculated.  Such  a.  domain  configura¬ 
tion  is  shown  in  Fig.  1.  The  assumptions  and  notation  of  Refs.  3,  4  and 
5  are  maintained  except  that  the  domain  parameters  h,  H,  Ms ,  crw  ,  and 
r0  are  allowed  to  be  functions  of  position  on  the  plate.  In  particular, 
the  following  is  assumed  in  the  model:  the  wall  has  negligible  width, 
the  wall  is  everywhere  parallel  to  the  z  axis,  and  the  wall  energy 
density  is  independent  of  wall  orientation  or  curvature.  The  values  of 
all  parameters  are  assumed  to  vary  sufficiently  slowly  that  they  may 
be  represented  by  their  ^-averaged  values  at  the  center  of  the  circular 
domain.  Additionally,  the  applied  field  is  represented  by  its  z  com¬ 
ponent,  H ,  since  under  the  assumptions  stated  above  only  this  com¬ 
ponent  interacts  with  the  magnetization. 
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Fig.  1 — The  cylindrical  domain  configuration  and  coordinate  system. 

The  total  change  in  the  energy  of  the  system  due  to  the  presence  of 
a  cylindrical  domain  is 

Et  =  2irr0haw  +  2MsHirrlh  -  2irh\2irM2s)I{2rQ/h).  (1) 

In  this  expression  the  first  term,  the  wall  energy,  is  the  product  of 
the  wall  energy  density  and  the  wall  area;  the  second  term,  the  applied 
field  interaction  energy,  is  the  product  of  the  magnetization  change, 
2 M8.  the  applied  field  and  the  domain  volume;  and  the  third  term, 
the  internal  magnetostatic  energy,  is  the  negative  of  the  integral  of 
the  generalized  radial  magnetostatic  force  of  Ref.  3.  The  internal  mag¬ 
netostatic  energy  function,  I(2r0/h)  is  therefore  defined  as 

I(2r0/h)  =  [ 2r°/h  F(x)  dx,  (2) 

•'o 

where  F(x)  is  the  force  function  defined  by  equations  33  and  138  of 
Ref.  3.  The  lower  limit  of  the  integral  (2)  is  chosen  so  that  when  the 
plate  is  uniformly  magnetized,  r0  —  0,  the  domain  energy  expression 
(1)  is  zero.  Various  closed  form  and  power  series  representations  of 
I(d/h)  are  given  in  the  appendix  of  this  paper.  This  function,  which 
is  plotted  in  Fig.  2  as  a  function  of  the  diameter-to-thickness  ratio, 
d/h,  and  is  tabulated  in  Table  I,  has  the  asymptotic  forms 
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d/h 


Fig.  2 — The  internal  magnetostatic  energy  function,  I,  as  a  function  of  the 
diameter- to-thickness  ratio. 


The  physical  origin  of  the  asymptotic  behavior  of  the  I  function  was 
discussed  in  some  detail  in  Section  IV  of  Ref.  3. 

The  domain  energy  per  unit  wall  length  is 


Et/tcI  =  (2tt M])h2[l/h  -  J(d/h )],  (4) 


where  l  =  <jw/4.ttMI  is  the  characteristic  material  length,  where  the 
applied  field  has  been  eliminated  using  the  equilibrium  condition3-6 


and  where 


l  +  d-JL  _  Jd 

h  h4*M9  \ht 


=  0, 


(5) 


(6a) 
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Table  I — Magnetostatic  Energy,  Force  and  Stability  Functions 


d/h 

I 

k. 

II 

£ 

So 

& 

Fh=3J 

Fm 

0.00 

0. 

0. 

0. 

0. 

0. 

0. 

0.10 

0.0048 

0.0939 

0.0059 

0.0007 

0.0060 

0.0979 

0.20 

0.0184 

0 . 1,765 

0.0215 

0.0028 

0.0225 

0.1915 

0.30 

0.0398 

0.2493 

0.0442 

0.0063 
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The  function  J  has  the  asymptotic  forms 


The  function  J(d/h),  the  normalized  total  magnetostatic  energy'^per 
unit  wall  length,  is  plotted  in  Fig.  3  together  with  the  force  function, 
F(d/h)  and  the  stability  functions  S0(d/h)  and  S2(d/h)  which  have 
the  asymptotic  forms 


Numerical  values  of  all  these  functions  are  given  in  Table  I. 

Since  from  the  figure  and  the  asymptotic  forms  of  the  functions, 
(6),  (8)  and  (9),  J (d/h)  lies  roughly  midway  (with  respect  to  diam¬ 
eter)  between  S0 (d/h)  and  S2(d/h)  and  since  the  condition  for  domain 
stability  is3-5  S0(d/h)  >  l/h  >  S2(d/h),  then  a  platelet  of  arbitrary 
thickness  may  always  be  biased  such  that  the  introduction  of  a  domain 
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d/h 

Fig.  3— The  magnetostatic  energy  per  unit  wall  length  function,  J,  the  mag¬ 
netostatic  force  function,  F,  and  the  magnetostatic  stability  functions,  So  and  &> , 
as  functions  of  the  diameter-to-thickness  ratio. 

produces  either  a  positive,  or  negative,  or  zero  change  in  the  total 
energy.  The  force  function,  F(d/h),  was  included  in  the  figure  so  that 
the  bias  fields  yielding  these  conditions  may  be  determined.  The  values 
of  the  diameters  and  bias  fields  of  zero  energy  determined  using  Fig.  3 
or  Table  I  together  with  (4)  and  (5)  are  found  to  agree  with  those 
obtained  previously.6  In  the  case  of  a  domain  having  the  preferred 
dimensions,4’5  l/h  ■—  0.2500  and  d/h  —  2.000  (corresponding  to  an  ap¬ 
plied  field  of  H/4nrMs  =  0.279),  then  J  (2.000)  =  0.2422.  Since  J  is 
nearly  equal  to  l/h  the  total  energy  is  nearly  zero.  Under  the  preferred 
conditions  and  in  a  platelet  in  which  4t tM8  =  100  Gauss  and  d  —  10 
microns,  the  absolute  value  of  the  wall  energy  and  the  total  mag¬ 
netostatic  energy  change  are  each  approximately  0.2  times  the  rest 
energy  of  the  electron.  [Note  that  the  terms  in  (4)  may  not  be  identi¬ 
fied  as  wall  energy'  and  magnetostatic  contributions  because  the 
equilibrium  condition  was  used  to  eliminate  the  applied  field.] 


III.  THE  TRANSLATIONAL  FORCE 

The  translational  force  is  given  by 


F  =  -VEt, 


dET\ 

■  dh  I  j{,  Ms, a 


Vh  - 


(  dE  t\ 

\dH  lh,Ms,a 


VH 
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In  this  expression  h,  H,  Ms  and  <rw  are  considered  to  be  independent 
variables  (functions  of  position  on  the  platelet)  and  r0  is  a  dependent 
function  of  these  variables  determined  by  the  equilibrium  condition  (5) . 
Since  the  fundamental  equilibrium  condition  is  (dET/dr0) htHtffw  >Ma  =  0, 
the  last  term  in  equation  (10)  may  be  dropped.  Evaluating  the  remain¬ 
ing  terms  using  equations  (1)  and  (2)  yields 

F  =  —[27rr0(iw  +  2MsHirr20  —  6Th2(27rM2s)I(2r0/h) 

+  ^r0h(27rM2s)F(2r0/h)]Vh  -  [2M sTrr0h]V H 
-  [2Hirrlh  -  4ltJi3 (2ttM s)I(2r0/h)]^7Ms 


—  [2irr0h]Vcrw.  (11) 

Eliminating  the  applied  field  using  the  equilibrium  condition  (5)  and 
rearranging  yields 


F  =  ir  dh\2irM2s){-[l/h  -  Fk(d/h)]Vh/h  +  [l/h  -  FH(d/h)]VH/H 

+  [l/h  +  F M(d/h)] S7Ms/Ms  —  2 [l/h]^7aw/aw] ,  (12) 

where 


FH(d/h)  =  F(d/h), 

and 


(13a) 

\«l,  (13b) 

(13c) 

(14) 


7T 

d 

h 


(15a) 
\«l,  (15b) 
(15c) 
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Figure  4  shows  plots  of  Fn  ,  FM  and  F  —  FH  as  functions  of  the  norm¬ 
alized  domain  diameter.  Numerical  values  of  these  functions  are  in¬ 
cluded  in  Table  I.  From  the  figure  and  the  asymptotic  forms  of  (7), 
(8),  (13)  and  (14),  it  is  seen  that  the  functions  are  positive  and  that 
both  Fjt  and  Fn  are  greater  than  S0{d/h).  From  these  properties  and 
the  stability  requirement  So  (d/h)  >  l/h  >  S2(d/h),  it  is  seen  that  for 
any  stable  domain  the  thickness  gradient  and  magnetization  gradient 
contributions  to  the  force  are  in  the  direction  of  the  gradient  while 
the  field  gradient  and  wall  energy  gradient  contributions  to  the  force 
are  in  the  direction  opposite  to  the  gradient. 

The  absolute  value  of  each  of  the  terms  in  equation  (12  )  is  small  but 
measureable.  If  H0  and  H2  are  defined  as  the  collapse  and  elliptical  run¬ 
out  fields  respectively,  then  in  the  case  of  a  gradient  in  the  applied  field 
where  the  stability  limits  are  known  roughly  (see  Ref.  5) ,  the  force  pro¬ 
duced  on  a  domain  for  which  d/h  =  2,  h/l  =  4,  VH  =  (H{)  —  H2)/d, 
d  =  100  microns  and  ^ttM,  =  100  Gauss  is  approximately  6  X  10~3 
dynes.  While  such  absolute  force  measurements  could  possibly  be 
carried  out,  a  more  relevant  experiment  for  device  applications  is  the 
balancing  of  field  gradients  against  gradients  in  the  other  quantities. 
At  the  present  time,  no  such  measurements  have  been  completed.  How¬ 
ever,  the  directions  of  the  applied  field  gradient  force,  the  wall  energy 
gradient  force,  and  the  thickness  gradient  force  have  been  verified.  The 
sign  of  the  H  gradient  force  is  verified  in  everyday  device  operation. 


O  1  2  3  4  5  6  7  8 

d/h 


Fig.  4 — The  transverse  magnetostatic  force  functions,  FM  ,  Fn  ,  and  FH  (F  =  FH) 
and  the  magnetostatic  stability  functions  So  and  S2 ,  as  functions  of  the  diameter- 
to-thickness  ratio. 
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The  sign  of  <rw  gradient  force  was  checked  using  a  temperature  gradient 
in  a  sample  of  Smo^Tbo^sFeOa .  According  to  the  data  of  F.  C. 
Rossol,7  at  room  temperature  the  wall  energy  temperature  coefficient 
is  approximately  4T.5%/C°  and  the  magnetization  is  only  a  slightly 
decreasing  function  of  temperature.  The  uw  gradient  force  thus  domi¬ 
nates  in  this  material,  and  we  observed  that  the  domains  move 
away  from  heated  regions  towards  cooler  regions  as  predicted.  The 
sign  of  the  Ms  gradient  force  was  verified  using  a  temperature 
gradient  in  a  sample  of  Gdo^Tbo^FegOio  garnet.  In  this  material  Ms 
increases  at  3%/C°  at  room  temperature  while  the  wall  energy  is 
approximately  constant.  The  Ms  gradient  force  thus  dominates,  and  we 
observed  that  the  domains  moved  towards  heated  regions  as  predicted. 
The  force  direction  measurements  were  completed  in  tapered  platelets 
of  orthoferrite  in  which  we  observed  that  the  domains  move  towards 
the  thick  end  of  a  platelet  when  restraints  were  removed. 

It  should  be  noted  that  in  carrying  out  these  experiments  it  is 
important  to  obtain  low  coercivity  materials.  This  is  especially  true 
in  measuring  the  thickness  gradient  force  when  Vh/h  is  small. 

The  drag  force  acting  on  a  domain  propagating  with  uniform 
velocity  vd  from  equation  58  of  Ref.  5  is  given  by 

¥d  =  dh  Ms\-  Hc  +  -  |v,|l  7^  ,  (16) 

2  \_i T  ixw  J  |vd| 

where  Hc  is  the  wall  motion  coercivity  and  ./%,  is  the  wall  motion 
mobility.  Equating  to  zero  the  sum  of  the  gradient  force  (12)  and  the 
drag  force  (16)  yields  the  velocity  equation  for  an  otherwise  freely 
propagating  domain.  In  order  to  avoid  the  vector  sum  in  this  equation, 
it  is  convenient  to  assume  that  all  the  gradients  lie  in  the  same  direc¬ 
tion  and  are  positive.  It  is  also  convenient  to  assume  that  the  gradients 
are  uniform  so  that  their  magnitudes  may  be  expressed  in  terms  of 
the  maximum  parameter  difference  across  the  domain  divided  by  the 
domain  diameter,  =  A X/d.  Under  these  assumptions  the  velocity 
equation  is 


8  Hc  2  |vd|  _  n  M  _  r  AH  p  AMa  r  A  a, 
7r47rAU  +  h  h  H  H  M  Ms  a  a w 


(17a) 


where 

■=  -l  D  -  "*©]  ■  <i7b) 

c‘  -  -5  [I  -  "'(f)]  ■  <17c) 
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and 


h  \l_ 

d  L  h 


+  F> 


(17d) 


C. 


2  hi  =  l 

d  h  r0 


(17e) 


are  called  transverse  force  coefficients  and  are  all  positive. 

For  .  a  domain  having  the  diameter  d  =  SI  in  a  plate  of  thickness  4 1, 
the  velocity  equation  becomes 


8  H<  i  2  IV<*1 

7T  47 tMs  IJLw4ltM3 

=  0.238  —  -  0.279  ^  +  0.772  -  0.250  —  •  (18) 

h  H  Ms  <yw 

If  the  magnitude  of  the  sum  of  the  gradients  is  not  sufficiently  large, 
no  motion  takes  place.  For  example,  when  a  domain  having  dimensions 
such  that  equation  (18)  applies  is  subjected  to  a  field  gradient,  the 
magnitude  of  the  field  difference  across  the  domain  must  satisfy  the 
condition  Ai 1/H  >  9.1  X  Hc/4xrM8  before  any  motion  can  take  place. 

The  transverse  force  coefficients  are  plotted  as  functions  of  the 
normalized  thickness  h/l  in  Fig.  5  for  the  bias  condition  d  =  ( d0d2 )- 
where  d0  and  d2  are  the  collapse  and  elliptical  runout  diameters 
respectively.  For  small  thicknesses  the  asymptotic  forms  of  Ch  ,  CM  , 
and  Co-  are  proportional  to  (l/h)  exp  A/h )  and  the  asymptote  of  CH 
is  proportional  to  exp  (— irl/h).  For  large  thicknesses  CH  and  CM 
approach  unity,  and  Cff  and  Clh  approach  the  asymptote  (8/3tt 

Some  caution  must  be  exercised  in  interpreting  equation  (17)  and 
Fig.  5.  First,  the  stability  of  moving  domains  has  only  been  investi¬ 
gated  for  the  case  of  gradients  in  the  applied  field  and  then  only 
incompletely  (see  Ref.  5).  Another  problem  is  that  drive  gradients 
which  are  applied  from  the  surface  and  which  must  obey  Laplace’s 
equation,  such  as  field  gradients  and  temperature  gradients,  decrease 
exponentially  into  the  platelet.  (This  does  not  apply  to  volume  heating 
such  as  laser  heating.)  For  any  given  value  of  these  gradients  at  the 
surface  the  maximum  z  averaged  value  of  these  gradients  which  may 
be  applied  thus  decreases  according  to  the  inverse  first  power  of  the 
plate  thickness  in  thick  plates.  This  consideration  shows  that  the  use 
of  platelets  having  a  thickness  no  greater  than  the  preferred  thickness 
of  4 1  is  thus  more  strongly  preferred  for  achieving  a  high  domain 
velocity  than  is  indicated  by  inspection  of  Fig.  5  alone. 
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Fig.  5 — The  transverse  force  coefficients  Cn ,  Ch  ,  CM.f  and  Ca  for  the  bias  condi¬ 
tion  d  ~  (oU2)*,  as  functions  of  the  normalized  thickness,  h/l. 

IV.  SIGNIFICANCE  FOR  DEVICE  APPLICATIONS 

Equation  (17)  and  Fig.  5,  when  properly  interpreted,  show  again 
that  there  is  a  preferred  plate  thickness  for  achieving  high  bit  rates  in 
devices  and  that  this  thickness  is  again  4 1.  Equation  (18)  shows  that, 
for  plates  of  this  thickness,  wall  energy,  magnetization  and  applied 
field  gradients  produce  transverse  forces  of  similar  magnitude.  Figure 
5  shows  that  this  is  also  true  for  plates  having  a  thickness  in  the 
neighborhood  of  4£.  There  is  therefore  no  preferred  thickness  with  re¬ 
spect  to  favoring  applied  field  gradients  over  temperature  or  com¬ 
position  gradients. 

In  temperature  dependent  materials  in  which  the  domain  tends  to 
move  towards  the  high  temperature  direction  the  domain  will  tend  to 
follow  a  laser  beam  initially  placed  at  its  center.  In  materials  having 
the  opposite  temperature  characteristic,  the  domains  may  be  pushed 
by  a  laser  beam.  Gradients  in  thickness  or  composition  may  be  used 
to  define  domain  tracks  in  order  to  increase  margins  with  respect  to 
spurious  field  or  temperature  gradients.  An  immediately  useful  ap¬ 
plication  of  equation  (18)  is  in  the  calculation  of  the  effect  on  device 
margins  of  the  heat  produced  by  domain  generators  and  detectors. 
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The  Internal  Magnetostatic  Energy  Function 

Various  representations  of  the  internal  magnetostatic  energy  func¬ 
tion,  I  (d/h),  are  given  in  this  appendix.  Since  F(d/h)  is  non-negative 
(Ref.  3,  Fig.  3  and  equation  138),  the  integral  definition  of  I(d/h)  (2) 
implies  that  I(d/h)  is  positive  and  monotonic  increasing  as  can  be 
seen  in  Fig.  1.  (Neither  function  is  defined  in  the  present  case  for 
negative  values  of  the  argument.)  The  definition  of  I(d/h)  also 
implies  the  differential  equation,  dl{x)/dx  =  F(x),  with  the  boundary 
condition  7(0)  =  0.  The  internal  magnetostatic  function  may  be 
written  as 


where  as  in  equations  (84)  and  (85)  of  Ref.  3 


U(x)  =  2(x  +  l)^(r^)  ,  (20a) 

and 

V{x)  =  2{x  +  l)-^(r^)  ,  (20b) 

where  K(m)  and  E(m)  are  the  complete  elliptic  integrals' of  the  first 
and  second  kind  respectively  and  the  argument  is  in  the  m.  of  Ref.  8. 
Differentiation  of  equation  (19)  with  respect  to  d/h  and  combining 
terms  using  equations  (86)  and  (87a)  of  Ref.  3  verifies  that  the 
derivative  of  I  (d/h)  is  indeed  F(d/h)  (equation  138  of  Ref.  3).  Sub¬ 
stitution  of  the  series  expansions  of  U  and  V  (equations  96  and  97  of 
Ref.  3)  verifies  that  7(0)  =  0. 

Writing  I  (d/h)  in  terms  of  the  L1  function  (Ref.  3  Sec.  A.4)  elimi¬ 
nates  the  negative  power  of  d/h , 


and  the  expression  in  terms  of  F(d/h)  and  So  (d/h)  (equations  138 
and  139  of  Ref.  3)  is  also  sometimes  useful, 
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The  power  series  expansions  of  I(d/h)  may  be  determined  either 
by  substituting  the  power  series  expansions  for  U,  V  and  Lx  (Ref.  3, 
Sections  A.3  and  A.4)  into  equation  (21)  or  by  term-by-term  integra¬ 
tion  of  F(d/h)  with  the  integration  constants  being  determined  from 
the  lowest  order  terms  of  the  power  series  expansions  of  U  and  V.  The 
result  is 


(23b) 
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GROWTH-INDUCED  NONCUBIC  ANISOTROPY  IN  BUBBLE  GARNETS 


A.  Rosencwaig  and  W.  J.  Tabor 
Bell  Telephone  Laboratories,  Incorporated 
Murray  Hill,  New  Jersey  07974 

ABSTRACT 

Some  of  the  pertinent  features  of  the  growth-induced  noncubic 
anisotropy  in  flux-grown  garnets,  developed  for  bubble  devices,  are 
reviewed.  Earlier  theories  based  on  the  concept  of  a  growth-induced 
ion  pairing  or  a  growth -induced  nonrandom  distribution  of  ions  in. 
the  rare  earth  sublattice  are  reinterpreted  in  terms  of  a  two  para¬ 
meter  phenomenological  model.  Torque  measurements  on  'several  bulk 
garnet  systems  are  then  compared  with  this  model,  and  the  theory  is 
then  extended  with  reasonable  success  to  epitaxial  garnet  films. 

The  two  phenomenological  parameters  in  this  model  are  defined  in 
terms  of  site  preferences  dependent  on  the  relative  sizes  of  the  rare 
earth  ions,  and  in  terms  of  magnetic  interactions  involving  the 
anisotropic  exchange  fields  acting  on  these  ions.  We  show  how  this 
theory  is  able  to  account  for  the  recent  ESP.  experiments  that  have 
verified  the  hypothesis  of  a  growth -indue eel  facet  dependent  site 
selectivity  in  the  rare  earth  sublattice.  We  conclude  by  indicating 
how  a  study  of  this  growth -induced  anisotropy  can  be  used  as  a  power¬ 
ful  new  technique  for  investigating  the  anisotropic  exchange  fields 
acting  on  rare  earth  ions  in  garnets. 

INTRODUCTION 

Bobeck  et  al.1  first  reported  that  platelets  cut  in  a  certain 
orientation  from  beneath  a  (112)  facet  of  certain  flux-grown  garnet 
crystals  could  support  magnetic  bubbles.  Shortly  thereafter, 

LeCraw  et  al.2  found  that  bubble  supporting  platelets  could  also  be 
cut  from  beneath  the  {110}  facets  of  the  bulk  garnet  crystals. 

These  discoveries  indicated  that  certain  flux-grown  garnet3  crystals 
possessed  a  large  noncubic  anisotropy  at  room  temperature,  a  quite 
unexpected  result  in  light  of  the  well  known  cubic  symmetry  of  the 
garnets.  Although  noncubic  magnetic  properties  had  been  observed 
in  flux-grown  garnets  by  earlier  investigators, ^>5  these  properties 
were  generally  attributed  to  strains  induced  either  by  growth  or  by 
sample  preparation.  The  noncubic  anisotropy  of  the  garnets  grown  at 
Bell  Laboratories  could,  however,  not  be  attributed  solely  to  strain. 
This  was  especially  evident  since  several  of  the  garnets  that  dis¬ 
played  quite  a  large  noncubic  anisotropy  had  compositions  resulting 
in  low  magnetostrictive  coefficients,  and  showed  no  observable 
strains  under  X-ray  analysis.^ 

Three  significant  features  of  this  effect  quickly  became  evident. 
First,  the  symmetry  and  magnitude  of  the  noncubic  anisotropy  were 
facet -dependent;  second,  large  noncubic  anisotropies  appeared  to  be 
present  only  in  flux-grown  crystals  containing  two  or  more  rare  earth 
ions;  third,  the  signs  .and  magnitudes  of  these  anisotropies  appeared 
to  depend  on  which  rare  earth  ions  were  present  in  the  garnet. 


Reprinted  with  permission  from  Proceedings  of  the  A/P  17th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials,  1971,  pp.  57-70. 
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PAIR-ORDERING  MODEL 


The  first  model?  that  attempted  to  explain  this  phenomenon  with¬ 
out  resorting  to  a  magnetostrictive  argument  is  "based  on  the 
hypothesis  that  some  form  of  growth -induced  pair -ordering,  involving 
ions  in  the  rare  earth  sublattice  and  those  in  the  iron  sublattices, 
occurs  during  crystallization.  This  pair -ordering  model  essentially 
follows  the  treatment  of  Neel°  for  the  magnetic  annealing  problem  in 
the  Fe-Ni  alloys.  As  in  the  magnetic  annealing  problem,  it  can  be 
shown  that  a  cubic  crystal,  such  as  the  garnet,  can  exhibit  a  large 
noncubic  anisotropy  if  even  a  small  amount  of  short-range  pair- 
ordering  is  present.  In  the  pair -ordering  model  the  resulting  non¬ 
cubic  anisotropy  is  related  to  the  growth  facets  by  assuming  that 


the  pair -ordering  is  itself 
dependent  on  the  orientation 
of  the  pair  bonds  with 
respect  to  the  crystal 
growth  facet.  Using  this 
model  we  have  found  that 
the  general  features  of  the 
observed  orthorhombic 
anisotropies  can  be  predicted^ 
if  one  considers  pairing 
between  the  rare  earth  ions 
and  the  nearest -neighbor 
tetrahedral  and  octahedral 
iron  ions . 

Thus  if  we  consider  a 
garnet  containing  rare  earth 
ions  A  and  B  and  the  iron 
ions  C,  we  can  define  N^q 
as  the  number  of  AC  pairs 
per  cm3  and  i0=^AC"^BC  as  a 
pair  interaction  coefficient 
and  as  an  (AC)  pairing 
preference.  In  Fig.  1  we 
show  the  predicted  (solid 
lines)  and  experimental 
values  (symbols)  for  the 
growth  induced  anisotropy 
in  a  garnet  of  composition 

( Y0 . 62EuO  .  06Gd0 .  lT^O .  15  )  3 

AIq  .  gFelj. .  hfi\2  9  along  various 
crystallographic  directions. 9 


Fig.  1.  Normalized  induced  anisotropies 
as  predicted  by  the  pair -ordering  model 
plotted  along  the  principal  axes  of  the 
induced  orthorhombic  anisotropy  energy 
surface,  as  a  function  of  the  ratio  R. 

The  orientation  of  the  easy  axis  under 
the  (112)  facet  is  also  shown.  The  data 
of  Table  I  are  plotted  for  R=-8  using  the 
predicted  easy  axes  as  reference  positions. 


The  predicted  curves  are 
given  as  a  function  of  the 
ratio  R=(NAC^0)I/(NAC4)II 
where  the  superscripts  I 
and  II  denote  pairs  involv¬ 
ing  nearest -neighbor  tetra¬ 
hedral  and  nearest -neighbor 
octahedral  iron  ions, 
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respectively.  In  comparing  the  predictions  of  the  model  -with  the 
experimental  data,  we  find  that  for  a  given  value  of  R  the  model  is 
capable  of  establishing  the  following  features:  l)  the  observed 
orientations  of  the  noncubic  anisotropies  beneath  the  (110}  and  {112} 
facets  relative  to  the  crystallographic  axes,  2)  the  observed- 
magnitudes  of  the  medium  and  hard  anisotropy  axes  relative  to  the 
easy  axis  under  each  facet,  3)  the  observed  relationship  between  the 
{110}  and  {112}  anisotropies  using  the  same  value  of  R.  Furthermore 
this  model  is  able  to  account  for  the  irreversible  annealing  out  of 
this  noncubic  anisotropy  at  temperatures  considerably  below  those 
associated  with  strain  relief  by  equating  this  annealing  with  a 
thermal  randomization  of  the  ordered  pairs. 

In  spite  of  the  success  of  this  model,  however,  it  is  not 
altogether  satisfactory  since  it  leaves  some  conceptual  difficulties. 
In  this  model  one  must. assume  that  clusters  of  rare  earth  and  iron 
cations  crystallize  at  the  facet  surface  simultaneously,  and  to  a 
first  approximation,  as  rare  earth-iron  pairs  with  preferences 
determined  by  the  orientation  of  the  pair  directions  with  respect  to 
the  growth  facet.  Furthermore  the  preferred  pair  directions  at  the 
time  of  crystallization  must  then  appear  in  the  calculation  of  the 
bulk  anisotropy.  For  this  to  occur  it  requires  the  presence  of 
local  distortions  associated  with  the  preferential  pairing,  distor¬ 
tions  which  in  turn  affect  the  various  pair  or  exchange  interactions 
in  an  anisotropic  manner. 

SITE  PREFERENCE  MODEL 


An  intuitively  simpler,  though  related,  model,  developed 
independently  by  H.  Callen^  and  Rosencwaig  et  al.^-  is  based  on  the 
concept  that  there  exists  in  these  garnets  a  growth-induced  preferen¬ 
tial  site  occupation  in  the  rare  earth  dodecahedral  sublattice. 

That  is,  one  assumes  that  the  two  or  more  rare  earth  species  present 
are  distributed  in  a  nonrandom  fashion  over  the  six  magnetically 
inequivalent  dodecahedral  sites.  A  detailed  description  of  this 
model  is  given  in  Callen's  paper1^  in  this  issue. 


PHENOMENOLOGICAL  MODEL 


The  growth -induced  anisotropy  can  also  be  treated  in  a  phenomen¬ 
ological  manner^  by  writing  the  anisotropy  in  the  form 

*  -  « 

where  the  Gij(p)  are^phenomenological  parameters  dependent  on  the 
facet  normal  P,  and  a  is  the  magnetization  vector.  If  we  now  expand 
Gij(P)  and  assume  that  the  lowest  order  terms  are  second  order  in 
P,  we  find  that  in  the  lowest  order,  the  anisotropy  energy  may  be 
written  as^-3 


2  2  2  2  2  2 

E  =G(a  p+cvp+ap)  +  iS(aapp-Kxapp+aapp) 
•  v  xKx  y  y  zKzy  v  x  y  xKy  y  zKyKz  x  zKxKz' 


(2) 


This  expression  is  similar  to  that  developed  by  Slonczewski-^  for  the 
magnetic  annealing  problem.  Thus  by  making  the  plausible,  though  not 
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necessarily  justified,  assumption  that  one  can  express  the  dependence 
of  the  anisotropy  on  the  growth  facet  solely  in  second  order  terms, 
we  are  able  to  treat  the  noncubic  anisotropy  within  a  simple  2- 
parameter  formalism. 

In  Table  I  we  illustrate  how  well  such  a  two -parameter  model 
corresponds  to  data  on  2  different  garnet  systems  for  both  {110}  and 
{112}  growth  facets.  These  data  were  collected  and  analyzed  by 
Hagedorn  et  al.^5  using  a  conventional  torque  magnetometer.  This 
two -parameter  formalism  is  found  to  be  quite  adequate  in  accounting 
not  only  for  the  data  shown  in  Table  I  but  also  for  several  other 
bulk  garnet  systems  that  have  been  studied. 15 


_ _ _ _ TABLE_I _ 

A  comparison  of  the  calculated  anisotropy  energies,  after  an  Cb  (8 


compared  with  the  measured  values. 

Eu2.2Er.8 

A1.8Ee4.2°12 

(110)  Facet  Measured  Calculated 

Y1.9Eu.2Gd.5Tb.4 

A1.6Fe4.4°l2 
Measured  Calculated 

[001] 

0 

0 

0 

0 

[110] 

2.5(io)4  S£S 

cmJ 

2.7 

0.71 

0.60 

[110] 

4-5 

4.6 

0.92 

O.85 

(112)  Facet 

Easy 

0 

0 

0 

0 

[110] 

0.4 

0.7 

0.12 

0.12 

Hard 

3.8 

4.3 

0.79 

0.81 

e * 

o 

O 

VO 

47° 

53° 

43° 

*  0  is  the  angle  of  the  easy  axis  measured  from  the  [ill]  axis 
toward  the  [112]  axis  in  the  (110)  plane. 


So  far  we  have  dealt  with  bulk  garnet  crystals.  Much  of  the 
recent  work  on  garnet  bubble  materials  has  centered  on  rare  earth 
garnet  films  grown  on  nonmagnetic  garnet  substrates  by  liquid  phase 
epitaxy. 16  These  films  also  exhibit  strong  growth -induced  anisotro- 
pies^T  as  well  as  the  usual  magnetostrictive  anisotropies.  In 
estimating  what  kind  of  growth -induced  anisotropy  will  result  in 
films  grown  on  {110}  and  {112}  substrates  we  can  of  course  use  the 
results  already  derived  for  the  {110}  and  {112}  bulk  facets.  Two 
other  substrates  more  commonly  used  are  the  {100}  and  {ill}  substrates. 
Using  the  two -parameter  formulation  we  can  readily  show  that  for  the 
{100}  substrate  the  anisotropy  is  given  by 

E  =  Qcf  (3) 

while  for  the  {ill}  substrate,  the  anisotropy  energy,  when  written  in 
a  {111}  coordinate  system  where  x  =  [lTo],  y  =  [112]  and  z  =  [ill], 
is  given  by 
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E  =  (0,/2)a^  .  (4) 

Thus  in  contrast  with  the  {110)  and  {112}  substrates,  or  facets, 
where  the  growth -induced  anisotropy  is  orthorhombic,  the  {100}  and 
{111}  substrates  result  in  a  purely  uniaxial  anisotropy,  with  the 
normal  to  the  substrate  being  the  unique  axis. 

Before  evaluating  the  noncubic  anisotropy  in  these  garnet  films, 
it  must  be  kept  in  mind  that  the  parameters  (J  and  3  are  functions 
not  only  of  the  magnetic  properties  of  the  rare  earth  ions,  but  also 
of  their  growth -dependent  site  preferences.  Thus < it  is  clear  that 
these  parameters  depend  on  the  growth  mechanism  of  the  crystal,  for 
example,  the  bulk  crystals  are  grown  by  slow  cooling  in  a  flux  where 
the  crystal  is  in  equilibrium  with  the  melt, 3  whereas  the  epitaxial 
films  are  grown  at  a  constant  temperature  from  a  super-cooled  flux, 
thus  an  "a  priori"  transfer  of  the  and  (3  parameters  determined  for 
the  bulk  crystals  to  the  epitaxial  films  may  not  be  justified.  It 
would  therefore  be  most  informative  to  compare  the  bulk  Q  and  3 
parameters  for  a  given  garnet  with  those  determined  from  epitaxial 
films  of  the  same  garnet.  Unf ortunateL y  detailed  torque  measurements 
on  the  films  have  not  yet  been  performed.  Nevertheless  one  can  get 
a  feeling  for  the  difference  between  bulk  crystals  and  epitaxial 
films  by  using  the  bulk  Q  and  3  parameters  to  predict  the  general 
anisotropy  features  in  the  films  and  then  compare  these  predictions 
with  the  actual  situation. 

In  Table  II  we  list  the  bulk  Q  and  3  parameters  determined  from 
torque  measurements  on  four  garnet  systems. ^-5  From  these  Q  and  3 
values  we  then  estimate  the  difference  in  the  growth-induced  uniaxial 
anisotropy  between  the  normal  and  the  plane  of  the  {100}  and  {ill} 
films,  and  the  maximum  anisotropy  between  the  normal  and  the  plane 
of  the  {110}  films.  We  note  that  only  three  of  the  films  listed 
have  this  difference  negative,  that  is,  have  the  easy  axis  normal 
to  the  substrate.  These  are  the  {ill}  films  of  the  (EuEr)  and 
(YEuGdTb)  garnets  and  the  {100}  films  of  the  (GdTb)  garnet.  The 
other  entries  all  have  the  hard  direction  normal  to  the  substrate. 

It  is,  of  course,  true  that  if  the  growth -induced  anisotropy  is 
not  too  large  (<  10^  ergs/ cm3),  a  sufficiently  large  strain-induced 
anisotropy  of  opposite  sign  can  result  in  the  easy  axis  being  normal 
to  the  substrate.  This  condition  generally  requires  large  magneto¬ 
striction  coefficients,  or  large  strains. 

In  the  last  column  of  Table  IT  we  list  the  sign  of  the  observed 
anisotropy  for  garnet  films  grown  on  Gd^Ga^O^  substrates  in  a  flux 
similar  to  that  used  for  the  bulk  crystals.  The  (GdTb)  garnet  has 
been  grown  only  on  Nd^Ga^O^p  substrates  in  a  different  flux  and 
appears  to  have  a  large  strain-induced  anisotropy;  the  (YEuGdTb) 
garnet  has  not  yet  been  grown  as  a  film.  We  see  that  all  the  signs 
listed  in  this  column  are  in  agreement  with  the  estimates.  Magni¬ 
tudes  of  Ku  for  many  of  these  films  are  indicated  in  brackets. 

It  thus  appears  that  the  bulk  Cl  and  3  parameters  apply  reason¬ 
ably  well  to  the  epitaxial  films,  though  they  appear  to  be  of  some¬ 
what  larger  value  in  the  films.  This  qualitative  agreement  indicates 
that  the  growth  mechanisms  pertinent  to  the  phenomenon  are  qualita¬ 
tively  similar  for  epitaxial  films  and  bulk  crystals . 
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PHENOMENOLOGICAL  PARAMETERS  Q,  Q 


Let  us  now  look  a  little  more  closely  at  the  phenomenological 
parameters  (J  and  (Q.  If  we  have  a  garnet  containing  two  species  of 
rare  earth  ions  A  and  B,  we  can  write  the  growth-induced  anisotropy 
in  the  form 


6 


3  A/— \ 

where  N  is  the  total  number  of  rare  earth  ions  per  cm'  ,  C^(p)  is  the 
concentration  of  ion  A  on  the  ith  site,  and  is  assumed  to  "be  facet 
dependent,  and  E^-(a)  is  the  magnetic  energy  of  ion  A  on  the  ith  site. 
The  sum  is  over  all  the  dodecahedral  sites.  In  Table  III  we  list 
the  6  magnetically  inequivalent  dodecahedral  sites  with  their  local 
orthorhombic  axes  of  symmetry. 


TABLE  III 


Dodecahedral  sites  in  garnet. 


Site 

Crystal  Axes 

\ 

X 

[Oil] 

y 

[Oil] 

Z 

[100] 

% 

[oil] 

[oil] 

[Too] 

A2 

\ 

[101] 

[101] 

[010] 

% 

2 

[101] 

[Toi] 

[oTo] 

T]„ 

s. 

[110] 

[no] 

[001] 

n* 

[110] 

[no] 

[ooT] 

A 

The  expression  C^(p)  may  be  written  as 

c£(B)  =  nA(l+T]^(p) )  (6) 

where  nA  is  the  average  concentration  of  ion  A  in  the  dodecahedral 
sublattice  and  Tli(P)  is  the^growth -induced  preference  of  ion  A  for 
site  i.  Since  Cy(f*)  +  C®(p.)  =  1,  it  is  clear  that 

AA(P)  =  -Ai(e)  (7) 

and  the  expression  for  E  becomes 
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(8) 


E  =  ^  |e^(q:)  -  E®(a)} 

“  IT  {Ei^)  -  * 

Ef(5)  can  be  defined  by  an  orthorhombic  expression  involving  the 
local  crystal  field  axes  of  the  dodecahedral  sites.  13  Thus 


ei(«)  =  Y  ■£4{(3ik*3)2  ■  vs}  •  (9) 

k=x,y,z 

The  dik  are  the  unit  vectors  parallel  to  the  local  crystal  field  axes 
and  the  cog  are  the  magnetic  energy  coefficients  of  ion  A  defined  for 
the  three  local  crystal  field  directions.  When  we  perform  the  sum 
over  all  the  dodecahedral  sites  and. rewrite  the  anisotropy  in  terms 
of  the  two  parameter  (G,l8)  formulation,  we  find  the  formulae  listed 
in  Table  IV  where  we  have  set 


AB  /A  A  _  A»  /  B  B  'B\ 


x  y 
AB  ,  A  As 

“2  "  K-V 


,  B  Ba 
(D  -0)  ) 
X  y 


(10) 

(11) 


It  is  clear  from  Table  IV  that  the  growth -induced  anisotropy 
will  vanish  if  there  is  either  a  random  distribution  of  ions,  i.e.,  if 
all  the  Tps  are  zero,  or  if  both  ions  A  and  B  have  a  purely  isotropic 
magnetic  interaction,  i.e,,  ay  =  ay  =  ay «  Furthermore,  the  growth - 
induced  anisotropy  which  is,  in  general,  orthorhombic,  will  become 
purely  uniaxial  for  the  four  facets  listed  in  Table  IV  if  either  ay  = 
ay  or  T)x^  —  Tlxp  ~  "HZp  • 


SITE  PREFERENCES 


We  note  that  in  Table  IV  a  different  (Q,(8)  set  is  given  for  each 
facet.  We  can_obtain  a  more  general  expression  for  this  set  if  we  now 
define  the  T|^(p)  also  in  orthorhombic  terms  involving  the  three  local 
axes. 13  Thus 

t£(P)  =  Y  °k  {(Iik'P)2  “  Vs]-  •  (12) 

k=x,y,z 

Hpre  the  are  weighting  factors  that  involve  the  relative  sizes  of 
the  rare  earth  ions,  and,  in  addition,  determine  the  relative 
importance  of  each  of  the  orthorhombic  axes  in  establishing  the  site 
preference.  Separating  these  two  properties  of  the  C^,  we  can  set 

Ck=C(A:B)fk  (13) 
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where  C(A:B)  is  some  preference  function  for  ion  A  in  an  (A-B)  mix¬ 
ture  and  depends  only  on  the  relative  radii  of  ions  A  and  B,  while 
the  ffc  are  weighting  factors  for  the  three  local  axes,  with  S  fk  =  10 
When  we  again  perform  the  sum  over  all  the  dodecahedral  sites  and 
then  rewrite  the  anisotropy  in  terms  of  the  2-parameter  formula  we 
find  that 

C  =  and  6  =  iwn^avP  (lM 

with 

C1  =  Cx  +  Cy  -  2Cz  =  C(A:B)(fx+fy-2fz)  (15) 

4  -  cx  “  Cy  =  C(A:B)(fx-fy)  (16) 

We  now  have  a  general  expression  for  Q  and  $.  As  before  the 
growth -induced  anisotropy  will  vanish  if  there  is  either  a  random 
distribution  of  ions,  i.e.,  Cx  =  Cy  =  Cz,  or  if  both  ions  A  and  B 
have  a  purely  isotropic  magnetic  interaction,  i.e.,  oo^  =  ay  =  o^. 

Also  the  anisotropy  will  be  purely  uniaxial  for  the  four  facets  of 
Table  IV  if  either  Cx  =  Cy  or  =  ay. 

Using  Eq.  (12),  we  can  evaluate  all  the  T]*s  in  terms  of  C-.  and 
C2  for  the  {110}  and  {112}  facets  and  for  the  {100}  and  {111}  sub¬ 
strates.  19  We  show  such  a  tabulation  in  Table  V.  Since  the  relative 
magnitudes  of  the  weighting  factors  fx,  fy  and  fz  should  reflect  the 
average  nearest -neighbor  distances  as  measured  along  the  x,  y  and  z 
local  axes,  and  since  the  nearest  neighbors  are  always  along  the 
z-axes,  that  is  the  <(l00)>  axes,  it  is  plausible  to  assume  that 
I  cz  I  >  I  Cx  |  ~|  Cy  |  .  This  results  in  |  Cq|  »|  |  •  With  this  assumption 

we  can  then  arrive  at  certain  conclusions  about  the  site  preferences. 

Recently  Wolfe  et  al.^O  have  performed  an  interesting  ESR 
experiment  on  bulk  crystals  of  YAG  doped  either  with  Nd  or  Yb.  These 
experiments  have  clearly  demonstrated  the  existence  of  facet -dependent 
site  preferences  for  the  Nd3+  and  Yb3+  ions  in  YAG.  We  can  thus 
compare  our  conclusions  with  their  ESR  data. 

1)  Since  |  Cq |  »  |  Cg  |,  we  expect  that  the  induced  preference  of  ion  A 
for  a  site  such  as  Xq  will  change  sign  when  one  proceeds  from  the  {110} 
facet  to  the  {112}  facet.  This  is  the  case  for  all  the  sites  for 
both  YAGsYb  and  YAGsNd. 

2)  Under  both  the  {110}  and  {112}  facets  the  difference  between  an 

X  site  and  a  Z  site  should  be  larger  than  the  difference  between  the 
two  Z  sites.  This  is  also  in  agreonent  with  the  observation. 

3)  There  is  no  difference  between  the  2  X  sites  -under  the  {110}  facet 
but  some  difference  under  the  {112}  facet.  Although  this  appears 

to  be  true  in  the  measurements  the  relatively  large  error  bars  on 
these  numbers  preclude  any  conclusive  statement. 

4)  The  difference  between  the  2Z  sites  under  the  {110}  facet  should 
be  larger  than  the  same  difference  under  the  {112}  facet.  This  is 
true  for  the  YAGsYb  data  but  not  so  for  the  YAGSNd  data.  In  fact 
the  unusually  large  value  of  7}z 2  for  YAGsNd  is  at  present  not  under¬ 
stood. 
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TABLE  V 

Theoretical  and  experimental  site  preferences. 

ESR  Results 


Facet 

Site 

Orthorhombic 

Yb 

Nd 

(no) 

\ 

-IS0! 

-0.05 

+0.11; 

\ 

1 

ro 

+0.12 

-0.26 

x 

+0.07 

-0.31 

(112) 

x 

53°l  '  3°2 

+0.03 

-0.39 

x 

<"0+0.03 

~-0 . 39 

X 

-K  -  h 

-0.04 

+0.41 

X 

"i°i  *  h 

-0.07 

+1.11; 

(100) 

X 

\ 

Z1 

-h 

(in) 

X1 

1 

ro 

ro 

435 


5)  Since  Tl^(p)  and  Tlf(p)  have  been  shown  to  differ  in  sign,  it  is 
clear  that  C(A:B)  and  C(B:A)  differ  in  sign.  This  in  turn  indicates 
that  C(Nd:Y)  and  C(Yb:Y)  will  also  differ  in  sign  since  Nd3+  is 
larger  than  y3+,  while  Yb3+  is  smaller.  This  agrees  with  the  data. 

6)  Furthermore  since  Nd3+  is  12#  larger  than  y3+  while  Yb3+  is  only 
7#  smaller  than  y3+,  we  expect  that  the  preference  parameters  for 
YAG:Nd  will  be  larger  than  those  for  YAGrYb.  This  again  agrees  with 
the  data. 

Thus  it  is  clear  that  the  theoretical  model  is  at  least  in 
qualitative  agreement  with  the  observed  site  selectivity.  Although 
the  numerical  data  from  these  experiments  are  not  yet  consistent 
enough  to  warrant  a  detailed  numerical  evaluation  of  and  C2,  a 
rough  analysis  at  this  point  clearly  indicates  that  is  consider¬ 
ably  larger  than  C2,  a  result  in  full  agreement  with  our  previous 
assumption  that  |  Cz  |  >  |  Cx  |  ^  |  Cy  |  . 

Recently  an  optical  polarization  experiment  by  van  der  Ziel 
et  alo21  has  also  demonstrated  the  presence  of  growth -induced  site 
selectivity  within  the  rare  earth  sublattice. 

MAGNETIC'  INTERACTIONS 

Let  us  now  turn  our  attention  to  the  magnetic  interaction  terms 
in  the  phenomenological  parameters  Q  and  (Q.  We  have  previously 
stated  that  the  induced  anisotropy  will  disappear  if  both  rare  earth 
ions  have  a  purely  isotropic  magnetic  interaction.  Such  a  situation 
is,  however,  not  possible  in  the  garnets  except,  for  the  trivial  case 
of  diamagnetic  ions.  That  this  is  so  arises  from  the  fact  tha;t  even 
the  simple  dipole -dipole  interaction  itself  is  anisotropic  for  ions 
at  a  dodecahedral  site.  In  general  we  can  treat  the  magnetic 
interactions  in  terms  of  anisotropic  fields  either  of  exchange  or 
dipole -dipole  origin  and  write^ 

■  “a  {4 +  i  ^  *  K  -  tl7) 
■f  ■  ^  ^  -  $  <*> 

where  ^  is  the  effective  magnetic  moment  of  ion  A  and  is  treated  as 
an  isotropic  quantity,  and  (H^,  H^,  H^)  is  the  anisotropic  magnetic 
field  acting  on  ion  A.  The  use  of  an  effective  isotropic  magnetic 
moment  is  an  approximation  for  most  of  the  rare  earth  ions  since 
these  generally  have  anisotropic  g-f actors.  We  can  define  n  in  this- 
approximation  by  |i  =  1/3  +  jjy  +  \xz) .  In  the  case  of  a  (YGd) 

iron  garnet  which  exhibits  a  moderate  growth -induced  anisotropy  one 
can  evaluate  the  magnetic  interaction  terms  using  dipole -dipole 
interaction  sums  between  the  Gd3+  ions  and  its  neighbors.  For  the 
other  rare  earths,  however,  a  knowledge  of  the  anisotropic  exchange 
field  is  required. 

It  is  clear,  therefore,  that  in  order  to  predict  the  growth- 
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induced  anisotropy,  that  is,  the  values  of  Cl  and  8,  one.  needs  to 
know  C]_  and  C£  and  04  and  0£.  Although  we  have  no  means  as  yet  for 
theoretically  obtaining  Ci  and  C2  these  values  can  he  derived  from 
ESR  experiments  or  from  optical  polarization  experiments.  However, 
one  is  still  faced  with  the  problem  that  there  is  very  little  data 
on  the  anisotropic  exchange  fields  in  garnet's  particularly  at  room 
temperature.  Therefore  rather  than  attempt  to  predict  Q  and  (8  one 
can  use  the  measured  Q  and  8  values  for  a  (YR)  garnet  and  then 
knowing  Ci  and  C2  obtain  considerable  information  about  the  exchange 
fields  acting  on  the  R3+  ion  through  evaluation  of  o§Y  and 

To  illustrate  this  statement  consider  the  case  of  Y2GdiAlo.8 
^e4.2°12  garnet  ‘whose  growth -induced  anisotropy  has  been  measured  _ 
and  found  to  give  Q  ~  +5«8  X  103  ergs/cm3  and  8  ~  +5*8  X  103  ergs/cm^ 
One  can  estimate  that  ^  -1  and  ~  -0.1  from  the  YAG:Nd  data. 
Then  using  a  room  temperature  moment  of  *\1.7JBohr  magnetons  for  Gd3+ 
we  obtain  (Hx+B-f-2Hz)Gd  ~  840  Oe  and  (Hx-Hy)3d  ~  2100  Oe.  These 
magnitudes  are  fairly  realistic  since  the  anisotropic  field  is  due 
primarily  to  dipole -dipole  interactions. 

Inasmuch  as  present  techniques  are  unable  to  provide  information 
on  the  garnet  exchange  fields  for  most  of  the  rare  earth  ions, 
similar  analyses  of  the  growth -induced  anisotropy  in  various  (YR) 
garnets  may  provide  a  powerful  new  technique  for  investigations  of 
these  exchange  fields  for  all  the  rare  earth  ions.  Furthermore, 
analysis  of  the  temperature  dependence  of  this  anisotropy  should 
provide  important  information  on  the  effects  of  the  crystal  field 
upon  the  exchange  fields. 
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Noncubic  Magnetic  Anisotropies  in  Bulk  and 

Thin-Film  Garnets 

ARJEH  J.  KURTZIG,  member,  ieee,  and  FRED  B.  HAGEDORN 


Abstract — Magnetic  bubbles  have  been  reported  in  bulk  grown, 
chemical  vapor  deposition  (CVD),  and  liquid  phase  epitaxy  (LPE) 
garnets,  implying  the  existence  of  noncubic  anisotropies  in  all  of 
these  materials.  Anisotropy  magnitudes,  directions,  nonuniformities, 
and  annealing  behaviors  and  effects  of  strain  relief  on  the  aniso¬ 
tropies  of  several  potentially  useful  garnet  materials  are  presented 
and  compared.  These  observations  indicate  that  the  noncubic 
anisotropies  in  the  bulk  materials  and  LPE  films  are  similar,  and 
are  consistent  with  the  pair-ordered  model.  Annealing  reduces  the 
growth  induced  anisotropy  of  LPE  films  and  may  be  useful  for  in¬ 
creasing  wall  mobility,  decreasing  coercivity,  and  altering  bubble 
sizes  to  match  circuits. 


Introduction 

NONCUBIC  anisotropies  which  can  stabilize  magnetic 
bubbles  have  been  reported  in  bulk  flux  grown 
[1],  [2],  chemical  vapor  deposition  (CVD)  [3],  [4],  and 
liquid  phase  epitaxy  (LPE)  [5]  garnets.  Understanding 
these  noncubic  anisotropies  will  be  useful  both  in  clarifying 
their  physical  origins  and  in  determining  their  influence 
on  a  number  of  important  bubble  device  parameters. 

Manuscript  received  March  11,  1971;  revised  May  6,  1971. 
Paper  10.7,  presented  at  the  1971  INTERMAG  Conference,  Denver, 
Colo.,  April  13-16.  .  ' 

The  authors  are  with  Bell  Telephone  Laboratories,  Inc.,  Murray 
Hill.  N.  J.  07974. 


Some  characteristics  of  these  anisotropies  are  reported  and 
compared  here.  We  have  investigated  some  of  the  effects 
of  growth  conditions,  annealing,  and  strain  relief  near 
cracks  on  the  noncubic  anisotropies. 

Experimental  Techniques 

Anisotropy  energy  densities  in  crystals  which  weigh 
more  than  10  mg  have  been  measured  by  the  use  of  a 
conventional  recording  torque  magnetometer.  Anisotropy 
fields  have  been  determined  in  thin  platelets  prepared 
from  bulk  garnet  material  and  in  epitaxial  films  by 
measurements  of  the  applied  fields  required  to  rotate  the 
magnetization  by  90°  from  the  easiest  direction  of  mag¬ 
netization.  In  the  samples  of  interest,  the  easiest  axis  is 
normal  to  the  thin  samples.  A  field  applied  parallel  to 
the  plane  of  a  sample  causes  rotation  of  the  magnetization 
within  each  domain  toward  the  applied  field  direction. 
As  the  applied  field  is  increased,  the  Faraday  contrast 
between  adjacent  domains  decreases  and  the  separation 
between  adjacent  domain  walls  also  decreases.  The 
minimum  field  required  to  rotate  the  magnetization  into 
the  plane  is  assumed  to  be  the  anisotropy  field  and  can  be 
determined  within  10  percent.  The  magnetization  is 
known  to  have  rotated  into  the  plane  of  the  sample  when 
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the  Faraday  effect  for  light  propagated  normal  to  the 
sample  vanishes  or,  equivalently,  when  all  domains  are 
eliminated.  This  anisotropy  field  measurement  technique 
can  be  used  with  samples  as  small  as  50  /xm  in  size,  is 
useful  in  revealing  local  nonuniformities,  and  can  also  be 
utilized  to  study  anisotropy  in  the  plane  of  a  sample  by 
rotating  the  sample  with  respect  to  the  applied  field 
direction. 

For  annealing,  samples  were  placed  in  alumina  or 
platinum  boats.  Special  care  was  taken  before  annealing 
to  remove  all  flux  used  in  the  crystal  growth;  otherwise, 
the  flux  would  remelt  and  dissolve  the  sample  during  the 
anneal.  Samples  were  heated  from  room  temperature  to 
the  furnace  temperature  in  about  5  min.  Pure  oxygen  at 
one  atmosphere  continuously  flowed  through  the  furnace 
tube  during  the  anneal.  After  the  anneal,  the  samples  and 
boat  were  cooled  in  air.  The  time  required  to  cool  from  the 
highest  temperatures  to  600 °C  was  about  15  s. 

Magnitudes  and  Directions  of  Noncubic 
Anisotropies 


Fig.  1.  Anisotropy  field  versus  annealing  time  at  three  annealing 
temperatures. 


The  noncubic  anisotropies  generally  have  orthorhombic 
symmetry,  but  their  magnitudes  and  directions  vary 
widely  among  the  garnet  compositions  and  growth  condi¬ 
tions.  In  flux  grown  Eu2Er1Fe4.3Gao.7O12,  the  easiest 
axis  of  magnetization  of  material  under  a  (112)  growth 
facet  was  found  by  torque  measurements  to  be  oriented 
in  the  (110)  plane  at  about  11°  from  the  [111]  toward  the 
[111].  The  medium. and  hardest  axes  of  magnetization  are 
the  [110]  axis  and  the  third  mutually  orthogonal  axis, 
respectively.  The  anisotropy  energies  between  the  easiest 
and  medium  axes  and  between  the  easiest  and  hardest 
axes  are  typically  5  X  103  and  2.5  X  104  erg/cm3,  re¬ 
spectively.  The  easiest,  medium,  and  hardest*  axes  of  this 
flux  grown  material  under  a  (110)  facet  are  oriented  in  the 
'  [001],  [110],  and  [110]  directions,  respectively.  The 
anisotropy  energy  densities  between  the  easiest  and 
medium  axes  and  between  the  easiest  and  hardest  axes 
are  about  1.5  X  104  and  2.5  X  104  erg/cm3,  respectively. 

In  LPE  films  of  Eu2Er1Fe4.3Gao.7O12  grown  on  (110) 
Gd3Ga50i2  substrates  [5],  the  easiest  axis  of  magnetization 
is  either  in  the  [110]  direction  or  in  the  (110)  plane, 
depending  upon  the  gorowth  conditions.  The  anisotropy 
fields  of  the  films  with  [110]  as  the  easiest  axis  have  been 
measured  and  converted  to  anisotropy  energies  by  the 
use  of  magnetization  values  calculated  from  sample 
thickness  and  bubble  collapse  data  [6].  The  anisotropy 
field  and  energy  density  between  the  easiest  axis  [110] 
and  the  medium  axis  [001]  are  about  4  X  103  Oe  and 
3  X  104  erg/cm3.  Between  the  easiest  axis  and  the  hardest 
axis  [110],  the  values  are  about  5.5  X  103  Oe  and  4  X  104 
erg/cm3. 

In  CVD  films  [4]  the  magnetic  anisotropies  vary 
considerably  with  different  garnet  compositions,  sub¬ 
strates,  and  orientations.  In  Y3Fe4.1Gao.9O12  films  deposited 
on  (111)  Gd3Ga50i2,  the  anisotropy  field  and  energy  density 
between  the  easiest  axis  ([111]  normal  to  the  film)  and  the 
nearly  isotropic  (111)  film  plane  are  about  450  Oe  and 


9  X  103  erg/cm3.  In  Tb2.4Ero.6Fe50i2  films  deposited  on 
(100)  Sm3Ga50i2,  the  anisotropy  field  and  energy  density 
between  the  easiest  axis  ([100]  normal  to  the  films)  and 
the  nearly  isotropic  film  planes  are  about  4  X  103  Oe 
and  4  X  104  erg/cm3. 

Changes  of  Noncubic  Anisotropies 
Resulting  from  Annealing 

The  noncubic  anisotropies  of  bulk  flux  grown  garnets 
are  eliminated  by  annealing  above  1200° C.  The  LPE 
films  investigated  lose  more  than  90  percent  of  their 
noncubic  anisotropies  after  anneals  above  1200°C. 
Anisotropy  fields  as  functions  of  annealing  time  for  an 
LPE  film  of  Er2Eu1Fe4.3Gao.7O12  deposited  on  (111) 
Gd3Ga50i2  are  shown  in  Fig.  1.  The  three  annealed  pieces 
were  broken  from  a  single  sample  and  annealed  separately 
at  the  temperatures  indicated.  All  three  pieces  had  initial 
noncubic  anisotropy  fields  of  6500  Oe  and  final  values  of 
350  Oe.  The  residual  noncubic  anisotropy  probably  arises 
from  macroscopic  stress  in  the  films. 

Assuming  a  single  thermally  activated  process,  we  can 
obtain  the  activation  energy  Ea  for  the  annealing  from  the 
ratio  of  the  times  r  required  at  different  temperatures  Tt 
to  reduce  the  anisotropy  values  to  half  of  their  initial 
values 


r{Ti)  __  exp  (. EJkT Q 
t(T2)  ~  exp  (EJkT 2) 

or,  equivalently, 


Ea 


m  t2  r  t(t1)~' 

(T2  -  Tx)  L t(T2)_ 


where  k  is  Boltzmann’s  constant.  The  activation  energy 
determined  from  the  data  of  Fig.  1  is  6  ±1  eV.  This 

large  activation  energy  is  probably  consistent  with  dif¬ 
fusion  of  rare-earth  ions,  which  would  be  required  by 
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the  pair-ordering  or  site  preference  models  [7  ]  of  the  aniso¬ 
tropy. 

Further  support  for  the  pair-ordering  or  site  preference 
origins  of  the  noncubic  anisotropy  in  the  LPE  films  was 
obtained  from  measurements  of  the  lattice  parameters  be¬ 
fore  and  after  the  noncubic  anisotropy  was  greatly  reduced 
by  annealing.  The  change  of  lattice  parameter  was  small 
(within  15  percent  of  one  part  in  2  X  105  as  measured  by 
Bond's  method  of  X-ray  diffraction)  as  would  be  expected 
on  the  basis  of  a  noncubic  ordering  model.  However,  such  a 
small  change  is  inconsistent  with  a  model  based  on  macro¬ 
scopic  strain. 

The  annealing  data  for  bulk  grown  Eu2Er1Fe4.3Gao.7O12 
is  similar  to  that  of  Fig.  1  except  that  the  noncubic 
anisotropy  anneals  to  zero  and  the  annealing  times  are 
approximately  doubled.  The  noncubic  ansotropies  of 
CVD  films  of  Y3Fe4.1Gao.9O12  and  Tba^Ero.eFesCb  remain 
unchanged  within  10  percent  even  after  long  anneals  at 
1350°C;  similar  results  were  reported  [3]  for  anneals  of 
Ga-YIG  at  1350°C. 

The  reduction  through  annealing  of  the  noncubic 
anisotropies  of  flux  grown  and  LPE  garnets  is  gradual, 
uniform,  and  controllable  and  may  be  useful  in  improving 
some  bubble  device  parameters.  The  measured  LPE 
films  as  grown  have  large  noncubic  anisotropy  fields  (of 
the  order  of  40  X  47 rMs)  which  can  be  reduced  by  an¬ 
nealing  to  the  desired  values.  Annealing  LPE  films  of 
Er2Eu1Fe4.3Gao.7O12  for  100  min.  at  1250°C  resulted  in 
about  a  two-fold  reduction  in  bubble  size.  This  control  is 
useful  in  matching  bubble  size  to  circuit  requirements. 
The  reduction  of  anisotropy  is  also  expected  to  increase 
domain-wall  mobility  since  it  increases  domain-wall 
thickness.  Increases  of  domain-wall  mobility  by  up  to  a 
factor  of  3  have  been  observed  [8].  Reduction  of  coercivity 
is  also  expected  from  the  reduction  of  anisotropy  since  the 
wall  thickness  increases  and  the  wall  energy  decreases. 
The  field  required  to  generate  or  replicate  bubbles  is  also 
reduced  through  the  annealing  process. 

Effects  of  Strain  Relief  Near  Cracks 
on  Noncubic  Anisotropy 

Fig.  2  shows  the  difference  between  the  effect  of  strain 
relief  near  cracks  on  the  domains  and  domain  walls  in 
LPE  and  CVD  films.  There  is  a  strong  effect  in  all  of  the 
large  number  of  cracked  CVD  films  but  no  effect  in  the 
few  cracked  LPE  films  observed.  Both  films  of  Fig.  2  are 
about  6- Aim  thick;  the  strain  relief  jn  the  CVD  film  extends 
about  four  film  thicknesses  from  the  cracks.  The  domain 
walls  appear  as  black  lines  because  the  analyzer  and 
polarizer  were  crossed.  Near  a  crack  in  the  CVD  film 
the  domain  walls  appear  wider  and  the  domains  are 
darker  due  to  the  rotation  of  the  easiest  axis  of  magnetiza¬ 
tion  away  from  the  film  normal  and  toward  the  normal  to 
the  plane  of  the  crack.  This  rotation  results  in  a  tilting  of 
the  domain  walls  which  thus  look  wide.  Note  that  the 
domain  walls  which  are  perpendicular  to  the  cracks  are 
not  widened  since  these  walls  are  normal  to  the  film. 
These  observations  indicate  that  the  noncubic  anisotropy 


(a)  (b) 

Fig.  2.  Domains  near  cracks  in  CVD  and  LPE  films,  (a)  Typical 
cracked  CVD  film:  Tb2.4Ero.4Fer>Oi2  on  (100)  Sm3Ga»Or2  sub¬ 
strate.  (b)  Cracked  LPE  film  of  E1i2Er1Gao.7Fe4.3O12  on  (111) 
Sm3Ga.-,Oi2  substrate. 


H  =  350  Oe  h- — H  H  =  500  Oe 

IOO/j. 

Fig.  3.  Domains  in  Eu2Er1Gao.7Fe4.3O12  platelet  at  two  values  of 
in-plane  applied  field.  Growth  striae  are  horizontal  in  this  platelet, 
which  was  cut  from  under  (211)  growth  facet.  Analyzer  and  pol¬ 
arizer  are  crossed  so  that  regions  with  magnetization  in  plane  of 
sample  are  dark. 

of  CVD  films  is  mostly  strain  induced,  while  that  of  LPE 
films  is  mostly  not.  After  a  long  anneal  at  1250°C  of  a 
cracked  LPE  film,  the  domains  and  domain  walls  near  the 
cracks  look  like  those  of  the  CVD  film  of  Fig.  2.  The 
residual  anisotropy  appears  to  te  strain  induced.  The 
domains  at  cracks  and  edges  of  bulk  flux  grown  samples 
look  like  those  of  the  LPE  film  of  Fig.  2  and  show  no 
effect  of  the  strain  relief  near  these  defects. 

Uniformity  of  Noncubic  Anisotropies 

The  anisotropy  fields  of  the  best  CVD  and  LPE  films 
are  uniform  within  10  percent  over  the  entire  film  areas 
(typically  0.5  cm2).  In  flux  grown  bulk  garnets,  however, 
the  noncubic  anisotropy  fields  in  platelets  cut  from 
under  a  single  growth  facet  occasionally  have  large 
variations.  Some  of  these  variations  reflect  variations  of 
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the  anisotropy  energy  density  since  in  these  areas  the 
magnetization  appears  to  be  constant,  as  determined  from 
bubble  collapse  data  and  the  sample  thickness  [6].  Such 
variations  across  striations  are  shown  in  Fig.  3,  in  which  a 
platelet  is  shown  for  two  values  of  applied  in-plane  field. 
The  black  bands  are  regions  of  lower  anisotropy  in  which 
the  applied  field  is  large  enough  to  force  the  magnetization 
to  be  in  the  plane  of  the  sample.  Anisotropy  variations  of  a 
factor  of  1.5  over  distances  as  small  as  25  Aim  perpendicular 
to  visible  growth  striae  and  of  a  factor  of  five  over  dis¬ 
tances  of  1  mm  in  random  directions  have  been  observed 
in  some  samples  of  bulk  grown  Eu2Er1Fe4.3Gao.7O12.  Most 
other  bulk  grown  garnets  do  not  have  such  large  anisotropy 
gradients  but  are  not  as  uniform  as  the  epitaxial  films. 
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Cylindrical  Domains  in  Anisotropic  Ferromagnets 

Cylindrical  domains  can  be  formed  in  thin  films  of  certain  ferromagnets.  A 
recent  proposal  to  use  such  domains  for  information  storage  has  stimulated 
considerable  research  into  the  conditions  under  which  they  may  be  formed  and 
the  materials  in  which  they  are  observed.1  Cylindrical  domains  that  are 
manipulated  for  information  storage  have  become  known  as  magnetic 
“bubbles”. 

Several  of  the  materials  in  which  magnetic  “bubbles”  can  be  formed  have 
been  known  and  investigated  for  many  years  because  they  provide  an  excep¬ 
tionally  convenient  medium  for  the  study  of  the  physics  of  magnetic  domains 
in  thin  films.2-4  It  turns  out  that  many  of  the  “bubble”  materials  are  trans¬ 
parent  to  light  in  part  of  the  visible  spectrum.  Interaction  of  the  magnetization 
with  linearly  polarized  light  by  means  of  the  Faraday  effect  rotates  the  direc¬ 
tion  of  polarization,  and,  since  different  domains  have  different  directions  of 
magnetization  and  produce  different  rotations  of  the  polarization,  the  domains 
can  be  rendered  visible  and  observed  continuously  with  an  ordinary  micro¬ 
scope.  Incidentally,  the  visibility  of  the  domains  has  led  to  suggestions  that 
they  might  also  be  used  to  display  information. 

The  cylindrical  domains  are  formed  in  materials  in  which  the  magnetization 
is  normal  to  the  plane  of  the  film.  This  is  not  a  common  situation;  usually  the 
magnetization  is  in  the  plane  of  the  film  and  the  domains  are  arranged  some¬ 
what  as  shown  in  Fig.  1(a).5  A  configuration  such  as  that  of  Fig.  1(a)  is 
energetically  favorable,  since  all  of  the  flux  paths  are  closed  within  the  ferro- 
magnet,  whereas,  if  the  magnetization  were  perpendicular  to  the  film  there 
would  be  magnetic  fields  outside  of  the  ferromagnet  that  would  represent  a 
substantial  positive  energy.  Situations  in  which  the  magnetization  is  perpen¬ 
dicular  to  the  film  exist,  however,  because  the  energy  of  a  ferromagnet  can 
depend  on  the  crystallographic  orientation  of  the  magnetization  vector  and  be 
lower  when  the  magnetization  is  parallel  to  that  crystallographic  direction 
that  is  normal  to  the  plane  of  the  film.  If  this  crystalline  anisotropy  energy  is 
sufficiently  large  and  the  saturation  magnetization  of  the  ferromagnet  is  small, 
so  that  the  energy  in  the  external  field  is  not  overly  large,  magnetization 
normal  to  the  plane  of  the  film  can  be  energetically  favored,  and  a  domain 
structure  roughly  as  shown  in  Fig.  1(b)  will  be  found. 


Now  suppose  a  magnetic  field  is  applied  perpendicularly  to  the  film  in 
Fig.  1(b),  thereby  lowering  the  energy  of  a  domain  with  one  direction  of 
magnetization  compared  to  an  oppositely  magnetized  domain ;  work  must  be 
done  to  rotate  a  domain  from  the  favored  to  the  unfavored  orientation.  As  the 
magnetic  field  is  increased,  the  lowest  energy  configuration  of  the  film  is 
obtained  by  increasing  the  area  of  the  favorably  oriented  domains  at  the 
expense  of  those  that  are  unfavorably  oriented.  Thus,  the  domain  pattern 
comes  to  resemble  Fig.  1(c),  and,  at  even  higher  fields  becomes  more  like 
Fig.  1(d).  The  domains  magnetized  oppositely  to  the  external  magnetic  field 
have  become  very  small  in  Fig.  1(d)  and  have  a  circular  cross  section.  These 
are  the  cylindrical  domains  that  may  be  used  to  store  information. 

A  quantitative  theory  of  cylindrical  domains  can  be  constructed  by  writing 
down  the  various  terms  in  the  energy  of  a  domain.6,7  The  three  terms  that 
must  be  considered  are  the  energy  of  the  wall  that  separates  the  domain  from 
the  rest  of  the  film,  the  energy  of  the  magnetic  moment  of  the  domain  in  the 
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Fig.  1.  (a):  Magnetic  domains  with  magnetization  in  the  plane  of  the  film,  (b):  Magnetic 
domains  with  magnetization  normal  to  the  plane  of  the  film,  (c):  Application  of  a  magnetic 
field  normal  to  the  film  of  (b)  energetically  favors  one  direction  of  magnetization  over  the 
other,  and  leads  to  a  diminution  of  the  area  of  unfavorable  magnetization,  (d):  The  magnetic 
field  normal  to  the  film  of  (b)  is  so  large  that  most  of  the  film  has  adopted  the  preferred 
direction  of  magnetization,  leaving  only  a  few  circular  islands  of  reversed  magnetization. 
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applied  field,  and  the  energy  of  interaction  of  the  magnetic  moment 
of  the  domain  with  the  magnetic  moments  of  the  film  outside  the 
domain,  the  “magnetostatic”  energy.6  A  tractable  problem  is  obtained 
by  considering  a  single  cylindrical  domain  in  an  infinite  film.  It  is  convenient 
to  take  the  zero  of  energy  as  the  energy  of  the  fijm  uniformly  magnetized  in 
one  direction. 

The  energy  per  unit  area  of  a  domain  wall  which  is  a  plane  perpendicular 
to  the  plane  of  the  film  will  serve  as  an  approximation  to  the  wall  energy  here, 
although  a  more  refined  treatment  would  consider  curvature  in  the  wall. 
Within  the  domain  wall  the  spins  rotate  from  one  easy  direction  of  magnetiza¬ 
tion  to  the  opposite  one;  the  magnetization  varies  through  an  angle  ;:.  If  the 
direction  of  magnetization  is  6  with  0  =  0  and  6  =  n  representing  the  easy 
directions,  then  the  energy  per  unit  volume  associated  with  the  deviation  of 
the  magnetization  from  the  easy  direction  has  the  form  /fMsin2  0.  Ku  must  be 
positive  if  the  preferred  direction  of  magnetization  is  to  be  normal  to  the  film. 
Another  energy  associated  with  the  existence  of  the  wall  arises  from  the  devia¬ 
tion  of  the  spins  from  parallel  alignment  with  one  another.  The  misalignment 
is  measured  by  dd/dx ,  and  the  loss  of  exchange  energy  associated  with  the 
misalignment  of  spins  is  A(dO/dx)2  per  unit  volume,  where  A  is  a  constant 
that  measures  the  strength  of  the  exchange  forces  and  x  is  a  coordinate 
normal  to  the  wall.  Ku  and  A  are  important  characteristic  constants  of  ferro¬ 
magnetic  substances.  Now,  assuming  for  simplicity  that  0  varies  linearly 
through  the  domain  wall,  the  energy  per  unit  area  of  the  domain  wall  of  width 
w  is 


Ww  =  Kuwl2  +  n2A/w. 

The  anisotropy  energy  increases  as  w  is  increased,  whereas  the  exchange  con¬ 
tribution  decreases  with  increasing  w.  Minimizing  the  energy  with  respect  to  w 
gives  for  the  energy  of  the  wall  per  unit  area  and  for  the  wall  thickness 


has  the  form 


WD 


Msrdr  d(j) 
Msrdrd(j> 


Mspdpd\j/ 

V p2  +  r2  +  2pr  cos  ij/ 
Mspdpd\j/ 

\! p2  4-  r2  -h 2 pr  cos  \j/  +  h2 


(2) 


Here  R  is  the  radius  of  the  domain  and  h  is  the  thickness  of  the  film.  Some 
rather  tedious  manipulation  allows  this  expression  to  be  cast  into  a  form 
involving  elliptic  integrals, 


WD  =  (64mV/2R3/3){  -  1  +  [E(k)/k]  +  [( 1  -  t:2)//c3][K(/:)  -  £(*:)]}. 

Here  K  and  E  are  elliptic  integrals  in  the  notation  of  Jahnke-Emde.8  The 
argument  of  the  elliptic  integrals  is 


k  =  [1 +(/f/2/?)2]-1/2 

The  last  term  in  the  energy,  the  energy  of  the  domain  in  the  applied  field, 
is  simply  obtained  by  multiplying  the  magnetic  poles  on  the  ends  of  the 
domain  by  the  distance  through  which  they  are  moved  through  the  field  and 
the  magnitude  of  the  applied  field. 


WA  =  2MsnR2hH.  (3) 

The  formation  of  domains  is  best  illustrated  by  plotting  the  various  terms 
in  the  energy  as  functions  of  the  domain  radius  for  a  particular  thickness  of 
the  film.  Before  doing  this,  it  is  convenient  to  normalize  the  length dimensions, 
in  this  case  the  thickness  of  the  plate  and  the  radius  of  the  domain,  to  a 
characteristic  material  length  defined  by  previous  authors  as  follows7’9: 

L=  <7/4ttM2.  (4) 


<rw  =  (2n2)'/2(AKuy/2,  w  =  (2tt2)1/2(A/Kh)1/2.  (1) 

The  values  of  the  constants  are  changed  slightly,  to  n  and  4,  by  a  complete 
treatment.5 

The  magnetostatic  energy  can  be  calculated  as  the  interaction  energy  of 
magnetic  poles  distributed  over  the  surface  of  the  domain  with  magnetic 
poles  on  the  surface  of  the  film  outside  the  domain.  The  poles  on,  say,  the  top 
of  the  film  interact  with  poles  of  opposite  sign  outside  the  domain  on  the  top 
of  the  film,  and  with  poles  of  the  same  sign  on  the  bottom  of  the  film.  There  is 
a  similar  contribution  from  the  other  end  of  the  domain.  Calculating  the  total 
contribution,  then,  involves  integrating  over  the  film  outside  the  domain  for 
each  point  on  the  end  and  then  integrating  over  the  ends  of  the  domain.  The 
pole  density  is  A/s,  the  saturation  magnetization  of  the  film.  Thus  the  energy 


It  is  also  convenient  to  introduce  a  characteristic  normalizing  material  energy 
as  follows: 

U  =  4nM2l?  =  G3j(4nM2)2.  «  (5) 

The  various  contributions  to  the  energy  are  plotted  in  Fig.  2.  The  wall 
energy  is  a  linear  function  of  the  radius,  as  shown.  The  energy  WD  starts  out 
for  small  radius  as  a  quadratic  function  of  the  radius  but  at  large  radii  has  a 
much  weaker  dependence  on  R.  Thus,  the  sum  of  Ww  and  WD  is  dominated 
for  small  R  by  Ww ,  the  linear  term.  In  materials  suited  for  domain  formation 
the  energy  WD  dominates  at  large  radii,  however,  so  that  the  sum  of  the  two 
terms,  which  is  the  total  energy  in  the  absence  of  a  magnetic  field,  has  the 
form  illustrated  by  the  dashed  line  of  Fig.  2. 

Now  consider  the  effect  on  the  total  energy  of  the  additional  applied 
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Fig.  2.  Energy  of  cylindrical  domains  in  an  applied  magnetic  field  as  a  function  of  the  radius 
of  the  domain  for  a  film  of  thickness  4 L.  H *  is  the  magnetic  field  in  units  of  4 nMs.  The 
dashed  line  shows  Ww  +  WD  the  domain  energy  in  zero  magnetic  field.  The  effect  of  an 
applied  field  is  shown  for  H*  =  0.25  and  0.3,  illustrating  the  appearance  of  a  minimum  in 
the  energy  and  the  decreasing  size  offthe  domain  with  increasing  field. 

magnetic-field  term.  The  energy  due  to  the  applied  field  is  a  quadratic  function 
of  the  radius  so  that  the  linear  term  due  to  the  wall  energy  still  dominates  at 
the  smallest  radii.  On  the  other  hand,  the  magnetic-field  energy  dominates  the 
other  two  terms  at  large  radii.  Thus,  the  energy  in  a  magnetic  field  is  repre¬ 
sented  by  a  family  of  curves  such  as  those  shown  in  Fig.  2  for  fields  0:25  and 
0.3  times  4nMs.  It  is  seen  that  if  the  magnetic  field  is  not  too  large  there  is  a 
minimum  of  energy  as  a  function  of  R  which  corresponds  to  a  stable  cylin¬ 
drical  domain.  Furthermore,  the  radius  of  the  domain  decreases  with  increas¬ 
ing  magnetic  field.  If  the  field  exceeds  a  certain  value  there  is  no  longer  a 
minimum  in  the  curve  and  no  domain  exists.  The  disappearance  of  the  domain 
at  high  fields  is  called  collapse.6 

If  the  magnetic  field  is  very  weak,  the  radius  of  the  domain  becomes  very 
large  according  to  Fig.  2.  It  has  been  shown  in  the  references  that  if  the  field 
is  too  weak  and  the  domain  becomes  large  it  ceases  to  have  a  circular  shape, 


so  that  the  energetics  of  the  preceding  equations  are  not  applicable.  In  fact, 
the  nature  of  the  domains  is  then  as  shown  in  Figs.  1(b)  and  1(c).6,7 

Apparently  the  form  of  the  plot  of  Fig.  2  will  depend  on  the  thickness  of 
the  film.  In  applying  cylindrical  domains  to  information  storage,  it  is  advan¬ 
tageous  in  terms  of  cost  to  minimize  the  size  of  the  domains.  When  the  radius 
of  a  domain  is  studied  as  a  function  of  the  thickness  of  the  plate  it  turns  out 
that  the  domain  size  is  minimized  when  the  thickness  of  the  film  is  4 L.  With 
this  thickness  domains  may  have  a  diameter,  depending  on  the  applied 
magnetic  field,  from  4 L,  the  diameter  at  collapse,  to  12L,  at  which  point  a 
transition  to  noncircular  shapes  takes  place.6,7  It  is  desirable  to  operate  in 
the  center  of  this  stable  domain  region  for  reliable  information  storage,  so 
that  the  most  useful  domain  has  a  diameter  of  8 L.  The  magnetic  field  that 
produces  this  domain  diameter  in  the  plate  of  thickness  4 L  is  0.3  x  AnMs.  The 
domain  diameter  can  be  seen  from  Fig.  2  to  vary  rapidly  with  magnetic  field; 
the  range  of  field  from  collapse  to  the  maximum-size  circular  domain  is  only 
a  factor  of  about  1.4. 7 

It  is  possible  in  the  light  of  the  theory  of  cylindrical  domains  to  examine 
what  criteria  a  material  must  satisfy  in  order  that  it  should  support  the 
existence  of  such  domains.  A  first  criterion  for  the  existence  of  the  type  of 
domains  described  above  is  that  the  wall  thickness,  which  was  assumed  above 
to  be  very  small  compared  to  the  radius,  is  indeed  small.  Since  the  domain 
radius  is  of  order  £,  this  means  w  L,  a  condition  that,  by  using  Eqs.  (1)  and 
(4),  may  be  written 

K„  >  4 kM2s.  (6a) 

Another  requirement  that  must  be  placed  on  a  material  for  cylindrical 
domains  of  the  type  under  consideration  is  that  the  magnetization  normal  to 
the  plane  of  the  film  should  be  stable.  Magnetization  normal  to  the  film 
involves  an  extra  energy,  the  energy  of  the  fields  in  the  air  outside  the  film,  as 
compared  to  magnetization  in  the  plane  of  the  film  [see  Figs.  1(a)  and  1(b)]. 
If  the  linear  size  of  the  domains  is  of  order,  say,  D,  then  the  fields  will  pene¬ 
trate  a  distance  D  outside  of  the  film  and  the  energy  per  unit  film  area  in  the 
fields  will  be  about  4 nM\D .  This  energy  must  be  more  than  counterbalanced 
by  the  anisotropy  energy,  which  is  Kuh ,  the  anisotropy  energy  density  times 
the  film  thickness,  per  unit  area  in  order  that  magnetization  perpendicular 
to  the  film  be  stable.  However,  h  is  of  order  L  in  the  films  of  interest,  and  it 
may  be  expected  that  the  scale  of  domain  size,  Z),  will  also  be  of  order  L.  Thus, 
again,  it  is  found  that,  very  roughly 

Ku  >  4nM2  (6b) 

in  materials  for  cylindrical  domains. 
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Equations  (6)  can  be  expressed  in  terms  of  £/,  L ,  and  A  by  using  Eqs.  (1), 
(4),  and  (5): 

U>(2n2A)L.  (7) 

Equation  (7)  is  an  appropriate  form  because  the  exchange  constant  A  does 
not  vary  much  among  materials  whose  Curie  temperatures  are  substantially 
larger  than  300  °K;  the  exchange  integral  itself  must  be  of  order  k  times  the 
Curie  temperature  and  the  constant  A  is  obtained  very  roughly  by  dividing 
the  exchange  integral  by  n  divided  by  the  interatomic  distance.  Thus  A  turns 
out  to  be  approximately  10" 6  erg/cm. 

A  film  that  can  support  cylindrical  domains  can  be  used  for  information 
storage  by  superposing  on  it  a  thin  film  pattern  of  soft  magnetic  material, 
such  as  Permalloy.  The  pattern  of  soft  magnetic  material  provides  an  array. of 
“keepers”  that  permit  the  flux  paths  through  the  bubble  to  be  closed  through 
the  magnetic  material  with  reduced  penetration  of  the  magnetic  field  into  the 
air,  and  establishes  energetically  preferred  positions  for  the  domains.  Infor¬ 
mation  can  be  represented  by  the  presence  or  absence  of  a  domain  at  a 
preferred  position.  The  information  can  be  moved  through  the  film  by  deposit¬ 
ing,  in  addition,  a  pattern  of  electrical  conducting  film  on  the  surface  of  the 
magnetic  material;  the  magnetic  fields  of  currents  passed  through  the  con¬ 
ductors  cause  the  “bubbles”  to  move  from  one  preferred  position  to  a 
neighboring  one.  The  presence  of  a  “bubble”  can  be  detected  electrically  by 
means  of  the  Hall  voltage  it  produces  in  still  another  film,  of  high-mobility 
semiconductor  material,  deposited  on  the  magnetic  substrate.  Thus  it  is 
possible  to  store,  shift,  and  electrically  read  out  information.10 

Compactness  is  an  essential  quality  of  electronic  information  storage 
systems.  The  size  of  a  domain  and,  therefore,  of  a  domain  memory,  is  propor¬ 
tional  to  the  characteristic  material  length,  L,  Eq.  (4),  and  can  only  be  effec¬ 
tively  controlled  by  material  selection.  The  energy  needed  to  read,  write,  and 
shift  information  is  another  important  parameter  of  electronic  memories, 
and  some  interest  in  the  values  of  the  characteristic  energy  U  may  also  be 
anticipated.  Thus,  it  is  useful  to  characterize  materials  by  plotting  their 
parameters  in  U-L  coordinates. 

Figure  3  shows  such  a  “materials  status  chart”,9  in  which  the  positions  of  a 
number  of  ferromagnets  are  plotted  in  the  U-L  plane.  The  line  that  bounds  the 
region  of  the  plane  in  which  the  condition  of  Eq.  (6b)  is  satisfied  is  also  drawn. 
The  representative  rare-earth  orthoferrites  shown  were  used  for  the  original 
bubble  memories.10,11  Their  relatively  large  characteristic  size  has  led  to  a 
search  for  new  materials,  and  smaller  L  is  found  in  the  mixed  orthoferrites, 
Sm0.6Er0.4FeO3  and  Sm0.55Tb0.45FeO3,  also  shown.11  The  orthoferrites 
have  an  orthorhombic  crystal  structure  and  do  not  accurately  possess  the  full 
cylindrical  symmetry  assumed  in  the  theory.  Thin  crystals  of  gadolinium  iron 


Fig.  3.  A  materials  status  chart  in  which  the  characteristic  energy  and  characteristic 
length  of  various  materials  that  may  be  suitable  for  formation  of  cylindrical  domains  are 
plotted.  Points  above  the  line  satisfy  the  condition  of  Eq.  (6b).  The  points  represent  the 
following  materials:  □,  orthoferrites;  A>  mixed  orthoferrites;  O,  gadolinium  iron  garnet 
(Ref.  4); +,  MnBi;  x  ,  BaFe^O^. 

garnet  show  magnetization  normal  to  the  plane  of  the  film  even  though  the 
material  is  cubic  rather  than  uniaxial.  Apparently  strains  built  in  during  the 
growth  process  introduce  the  necessary  uniaxial  anisotropy.  The  point  in 
Fig.  3  is  based  on  the  data  of  Mee.4  Finally,  points  for  the  hexagonal  materials 
MnBi  and  the  ferrite  BaFe12019  are  plotted.12,13  The  characteristic  size  is 
very  small  in  these  materials.  It  is  probably  not  possible  at  present  to  take  full 
advantage  of  these  small  characteristic  lengths  in  memories  because  the 
control  overlay  cannot  be  fabricated  on  a  small  enough  scale. 

R.  W.  Keyes 


446 


References 


1.  New  York  Times,  August  8, 1969.  * 

2.  C.  Kooy  and  U.  Enz,  Philips  Res.  Rept.  15, 7  (1960). 

3.  R.  C.  Sherwood,  J.  P.  Remeika,  and  H.  J.  Williams,  J.  Appl.  Phys.  30, 21 7  (1959). 

4.  C.  D.  Mee,  IBM  J.  Res.  Dev.  11, 468  (1967). 

5.  See,  for  example,  C.  Kittel  and  J.  K.  Galt,  Solid  State  Physics  (Academic  Press,  New 

York,  1 956),  Vol.  3,  pp.  437-564. 

6.  A.  H.  Bobeck,  Bell  System  Tech.  J.  46, 1901  (1967). 

7.  A.  A.  Thiele,  J.  Appl.  Phys.  44, 1139(1970). 

8.  E.  Jahnke,  F.  Emde,  and  F.  Losch,  Tables  of  Higher  Functions  (McGraw-Hill  Book  Co., 

Inc.,  New  York,  1960). 

9.  U.  F.  Gianola,  D.  H.  Smith,  A.  A.  Thiele,  and  L.  G.  van  Uitert,  IEEE  Trans.  Magnetics 

MAGS,  558  (1969). 

10.  A.  J.  Pemeski,  IEEE  Trans.  Magnetics  MAGS,  554  (1969). 

11.  A.  H.  Bobeck,  R.  F.  Fischer,  A.  J.  Perneski,  J.  P.  Remeika,  and  L.  G.  van  Uitert, 

IEEE  Trans.  Magnetics  MAGS,  544  (1969). 

12.  R.  M.  Bozorth,  Ferromagnetism  (van  Nostrand,  Princeton,  New  Jersey,  1951). 

13.  J.  Smit  and  H.  P.  J.  Wijn,  Ferrites  (N.  V.  Philips,  Eindhoven,  1959),  p.  204. 


DOMAIN  WALL  MOBILITY  IN  EPITAXIAL  GARNET  FILMS 
G.  P.  Vella-Coleiro 

Bell  Laboratories,  Murray  Hill,  N.  J.  07974 
ABSTRACT 

Magnetic  bubble  velocities  have  been  measured  as  a  function  of 
applied  field  gradient  in  many  epitaxial  rare  earth  garnet  films . 

The  dependence  of  the  velocity  on  the  driving  field  has  been  found 
to  show  varying  degrees  of  nonlinearity.  Also,  considerable 
variations  in  the  mobility  and  in  the  degree  of  nonlinearity  have 
been  observed  among  films  of  nominally  the  same  composition.  At  a 
driving  field  of  5  0e  across  the  bubble,  velocities  ranging  from 
80  to  2800  cm/sec  have  been  observed.  The  velocity  measurements  in 
these  films  are  discussed  in  the  light  of  existing  theories  of 
domain  wall  dynamics.  The  measurements  on  epitaxial  films  are 
compared  with  mobility  measurements  made  on  bulk  crystals.  In  many 
cases  the  mobility  observed  in  the  epitaxial  films  has  been  lower 
than  that  expected  from  the  damping  parameters  measured  in  the  bulk 
crystals.  The  possible  effects  of  gallium  and  aluminum  substitutions 
on  the  mobility  are  also  discussed. 

The  implications  of  the  occurrence  of  multiple  Bloch -to -Neel 
transitions  (Bloch  lines)  in  the  wall  of  magnetic  bubbles  in  epitax¬ 
ial  garnet  films  on  measurements  of  domain  wall  mobility  are  discuss¬ 
ed.  The  presence  of  these  Bloch  lines  can  produce  a  dramatic 
reduction  of  the  domain  wall  velocity,  and  effects  attributable  to 
the  dynamic  generation  of  Bloch  lines  have  recently  been  observed. 
Different  methods  of  measuring  wall  mobility  are  compared  in  the 
light  of  these  observations.  The  influence  of  temperature,  ion 
implantation  and  double  layer  films  on  wall  mobility  is  also 
discussed. 


1 .  INTRODUCTION 

A  considerable  amount  of  knowledge  regarding  domain  wall  mobility 
has  recently  been  acquired  from  studies  of  wall  motion  in  bulk  and 
epitaxial  films  of  rare  earth  garnets.  These  garnets  are  presently 
considered  to  be  the  most  suitable  materials  for  magnetic  bubble 
devices,  and  hence  a  thorough  understanding  of  the  factors  influenc¬ 
ing  wall  motion  in  the  garnets  is  of  considerable  technological 
importance.  The  recent  observation  that  the  wall  of  magnetic 
bubbles  in  garnet  films  can  contain  several  Bloch -to -Neel  transitions 
has  added  a  new  dimension  to  the  understanding  of  wall  motion  in  the 
garnets,  and  it  has  provided  an  answer  to  some  previously  puzzling 
phenomena.  These  effects  are  discussed  in  Sections  2  and  4. 

Extensive  measurements  of  magnetic  bubble  mobilities  in 
epitaxial  rare  earth  garnet  films  have  been  made  in  recent  months, 
and  representative  examples  of  these  are  given  in  the  text.  In  all 
cases  bubble  mobilities  were  obtained  by  measuring  the  time 
required  for  a  bubble  to  travel  a  distance  of  5  ^m  in  a  field  gradient 
of  known  magnitude  at  a  constant  bias  field,  as  described  in  Ref.  1. 


Reprinted  with  permission  from  Proceedings  of  the  A/P  18th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials ,  1972,  pp.  424-441. 
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All  the  films  discussed  here  were  grown  h y  liquid  phase  epitaxy  on 
{111}  oriented  gadolinium  gallium  garnet  substrates.  The  film  thick¬ 
ness  was  measured  interferometrically^  and  the  values  of  the  magnetic 
parameters  were  obtained  from  static  bubble  domain  measurements, 2 
as  described  in  Ref.  3* 


2.  THE  EQUATION  OF  MOTION 

Discussions  of  domain  wall  motion  usually  center  around  the 
Landau -Lif shit z -Gilbert^  equation  of  motion 


dM  7  7 

at  =  y^i 


yg  dM 
M  dt 


(i) 


where  M  is  the  magnetization  vector,  El  is  the  local  field  vector, 
7  is  the  gyromagnetic  ratio  and  a  is  the  damping  constant. 

This  equation  can  be 
separated  into  G  and  f 
components  (see  Fig.  l) 
to  yield  the  equations: 5 
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-T Q  |  -  Oisindf  (2) 
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Fig.  1  -  The  coordinate  system  used  to 
describe  wall  motion.  The  180°  Bloch 
wall  lies  in  the  y-z  plane  (0  <.  G  £  ir) 
and  moves  in  the  x  direction. 


where  T q, 

and  f  components  of  the 
torque,  respectively. 

For  a  180°  Bloch  wall 
lying  in  the  y-z  plane 
(0  <.  G  <.  tt)  and  moving 
with  constant  velocity  in 
the  x  direction,  we  can 
set  $  =  0.6  The  wall 
velocity,  which  is  prop¬ 
ortional  to  5,  is  then 
proportional  to  the  G- 
component  of  the  torque, 
from  Eq.  (2),  or  the  f- 
component,  from  Eq.  (3). 
These  torques  arise  from 
the  distortion  of  the 
static  spin  configuration 


produced  by  an  external  magnetic  field,  and  in  general  they  are 
made  up  Of  contributions  from  demagnetizing  field,  anisotropy  and 
exchange  torques.  Solution  of  Eqs.  (2)  and  (3)  then  leads  to  the 
usual  expression  for  the  wall  velocity 


7  w„ 

v  =  — H 

a  7 r 
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where  is  the  wall  width  and  H  is  the  external  magnetic' field  in 
the  z -direction. 

Recently,  a  spin  configuration  has  been  proposed?*^  for  the  wall 
of  a  new  type  of  magnetic  bubble, 9  called  a  hard  bubble,  which 
contains  several  Bloch-to-Neel  transitions  (Bloch  lines).  When  these 
Bloch  lines  are  closely  spaced,  the  additional  exchange  energy 
dominates  over  the  demagnetizing  field  and  anisotropy  energies, 
resulting  in  an  approximately  linear  rotation  of  spin  direction 
through  the  Bloch  lines.  The  application  of  an  external  magnetic 
field  to  a  free  straight  wall  having  this  spin  arrangement  does  not 
produce  any  significant  distortion  of  the  spin  configuration,  and  in 
this  case  the  torques  which  act  in  a  normal  wall  to  drive  it  forward 
are  absent.  The  wall  then  moves  in  the  forward  direction  only  by 
virtue  of  the  damping  torque  and  solution  of  Eqs.  (2)  and  (3)  leads 
to  the  following  expression^*  H  for  the  forward  wall  velocity: 


v 


l 

(14a2)  w 


(5) 


i.e.,  for  a  «1  the  wall  velocity  is  proportional  to  the  damping 
factor,  and  it  is  much  smaller  than  that  given  by  Eq.  (4)  for  a 
normal  wall.  The  possibility  of  Bloch  lines  being  present  during 
the  measurement  of  wall  mobility  thus  has  serious  implications, 
which  are  discussed  in  Section  4. 

As  noted  above,  wall  motion  is  directly  related  to  the  0-component 
of  the  torque.  This  torque  component  is  a  function  of  f  and  it  has 
a  maximum  value  for  f  between  0  and  tt/2.  For  materials  with 
approximately  uniaxial  anisotropy,  the  maximum  value  of  T@  occurs 
near  f  =  tt/4.  An  attempt  to  drive  the  wall  faster  than  this 
presumably  results  in  an  instability  in  the  spin  structure.  These 
results  were  first  obtained  by  Walker, 6  who  found  that  the  solution 
of  Eq.  (l)  contains  an  imaginary  term  when  the  applied  field  exceeds 
a  critical  value.  The  reader  is  referred  to  the  article  by 
Hagedor.nl2  for  a  detailed  discussion  of  Walker's  solution. 

The  distortion  of  the  static  spin  configuration  in  a  moving  wall 
results  in  an  increase  in  wall  energy  and  a  reduction  in  wall  width. 
Thus  the  ratio  of  wall  velocity  to  driving  field  is  reduced  ( see 
Ref.  I?  for  more  details)  but  for  practical  bubble  materials  the 
departure  from  linearity  only  becomes  appreciable  as  one  approaches 
Walker's  critical  velocity,  Vw,  which  is  calculated  to  be  in  the 
range  5000-12,000  cm/sec  in  typical  garnet  films. 12,13 

Recently  it  has  been  suggested5* 13>l4  that  in  thin  ferrimagnetic 
films  the  demagnetizing  field  arising  from  the  surfaces  results  in 
an  instability  in  the  velocity  at  a  value  much  smaller  than  Vw,  and 
the  saturation  in  the  velocity^3>15,16  observed  by  the  bubble 
collapse  technique  in  several  garnet  films  has  been  attributed  to 
this  effect.  This  apparent  saturation  of  the  velocity  is  discussed 
further  in  Section  4.  Measurements  of  magnetic  bubble  velocity  in 
a  field  gradient  in  a  variety  of  garnet  films  have  shown  that  the 
dependence  of  the  velocity  on  the  drive  field  is  often  nonlinear,  as 
shown  in  Fig.  2a  for  a  film  of  YEu2(AlFe) ^0p2 •  Similar  nonlinearities 
have  been  observed  in  several  other  materials,  with  a  knee  occurring 
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Fig.  2  -  Magnetic  bubble  velocity 
V  versus  field  difference  across 
the  bubble  AH  for  epitaxial  films 
of:  a)  YEu2 ( AlFe ) 5O12 ,  thickness 
h  =  7.8  jjm,  4t7M  =  255  gauss,  wall 
energy  a  =  0.21  ergs/cm2,  initial 
wall  mobility  jjl0  =  900  cm/sec  Oe; 
b)  YGdTm( GaFe ) 5O12 ,  h  =  7*8  (Jm, 

4ttM  =  200  g,  a  =  0.16  ergs/cm2, 

|Jo  =  2400  cm/sec  Oe;  c)  YGdTmCGaFe)^ 
O12,  h  =  3-9  (im,  4ttM  =  163  g, 
a  =  0.16  ergs/cm  ,  \i  =  410  cm/sec  Oe. 


between  approximately  400- 
1000  cm/sec.  These  velocities 
are  certainly  in  the  range  of 
the  limiting  velocity  V0  cal¬ 
culated  by  Slonczewski,13  who 
has  derived  the  following 
relation: 

V.  =1^ lit 
° 

where  h  is  the  film  thickness, 

A  is  the  exchange  constant  and 
K  is  the  uniaxial  anisotropy. 
Thus  the  nonlinear  behavior 
could  possibly  be  accounted 
for  in  terms  of  the  interaction 
of  the  moving  domain  wall  with 
the  stray  fields  from  the 
surfaces.  However,  as  Fig.  2b, 
c  show,  the  nonlinearity  in 
the  velocity  has  not  been 
observed  in  all  cases.  Indeed, 
as  Fig.  2  indicates,  large 
variations  in  mobility  and 
nonlinear  behavior  among 
similar  films  have  been  ob¬ 
served.  This  is  illustrated 
further  in  Fig.  3  for  a  film 
of  YEui#85Yb.15(A1Fe)5°12  in 
which  bubble  velocities  were 
measured  at  two  points  approx¬ 
imately  5  Him  apart.  Similar 
behavior  has  been  observed  in 
other  compositions.  Recently, 
however,  some  films  have  been 
grown  in  which  a  mobility 
variation  of  less  than  ±20$ 


has  been  observed  over  an 

area  approximately  1  cm2,  indicating  that  it  is  possible  to  grow 
epitaxial  garnet  films  with  sufficient  uniformity  of  the  wall 
mobility  for  use  in  bubble  devices.  The  causes  of  the  variability 
are  not  fully  understood  at  present,  and  therefore  we  have  not 
attempted  a  detailed  comparison  with  the  theory  at  this  time. 

The  increase  in  wall  energy  of  a  moving  wall  referred  to  above 
has  been  shown!7  to  be  proportional  to  the  square  of  the  wall 
velocity.  Thus  this  increase  in  wall  energy  can  be  described  by 
an  effective  wall  mass  whose  value,  for  a  180°  Bloch  wall  and 
uniaxial  anisotropy,  is  given  by  the  expression^ 

A  A 

/  X  2  /  \2 


m 


2t ry 


2  V  A 


M  f  2q 
272 


(6) 
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where  M  is  the  saturation  magnetization  and  q  =  K/277M2.  Measurements 
of  wall  mass  in  hulk  yttrium-gadolinium  garnet s*^  have  yielded  values 
in  good  agreement  with  Eq.  (6). 


Fig.  3  -  Bubble  velocity 
measurements  in  YEuq. 85^.15 
(AlFe)50]_2  at  two  points 
approximately  5  mm  apart. 

4ttM  =  233  g,  a  =  0.16  erg/ 
cm2.  In  (a)  h  =4.3  [im, 

|~i0  =  670  cm/sec  Oe.  In 

(h)  h  =  3.6  |am,  |j  =  390 

cm/sec  Oe. 


A  wall  moving  with  velocity  v  thus  has  a  kinetic  energy  -|m v^. 

If  the  acceleration  to,  or  deceleration  from,  velocity  v  takes  place 
during  a  time  gt,  the  energy  dissipation  due  to  wall  damping  is 
given  by  the  integral  of  the  dot  product  of  the  pressure  (2  Mv/|a) 
and  the  velocity.  Assuming  constant  acceleration  and  zero  initial 
or  final  velocity  we  obtain: 

f2M  2.,  2M  2  , 

J-Vdt=3}f6t 

where  \i  is  the  wall  mobility.  Equating  the  kinetic  energy  to  the 
energy  dissipation  we  obtain  ± 

6t  ■  ■  |0)  ' 

Effects  due  to  the  wall  mass  will  be  unobservable  over  time  intervals 
much  larger  than  &t.  Using  the  typical  values  |j.  =  1000  cm/sec  Oe, 
q  =  5,  7  =  I.76  x  10?  rad/sec  Oe,  A  =  3  X  10 “7  erg/cm,  we  find 
5t  ^  4  nsec.  Hence  the  effect  of  the  wall  mass  will  only  oe 
significant  for  frequencies  in  excess  of  approximately  100  MHz. 

Of  course,  operation  of  bubble  devices  at  such  high  frequencies 
would  require  a  much  higher  wall  mobility  than  1000  cm/sec  Oe  and 
the  effect  of  the  wall  mass  will  become  significant  at  correspond¬ 
ingly  lower  frequencies.  Note  also  that  the  presence  of  an  in-plane 
anisotropy  produces  a  reduction  of  the  wall  mass5>12  an£  hence  an 
increase  in  the  frequency  at  which  inertial  effects  become  appreciable. 
Also,  Schlomann^-4  has  recently  shown  that  in  thin  films  the  wall  mass 
can  be  somewhat  larger  than  the  value  given  by  Eq.  (6). 
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The  source  of  damping  of  the  magnetization  in  the  rare  earth 
iron  garnets  has  been  the  subject  of  a  considerable  amount  of  work 
in  the  past.  Measurements  cf  the  linewidth  in  ferrimagnetic 
resonance  (FMR)  experiments^  have  yielded  a  wealth  of  information 
about  the  damping ,  but  this  information  is  not.  directly  applicable^ 
to  wall  motion  because  the  angle  of  precession  of  the  magnetization 
involved  in  FMR  is  much  smaller  than  that  involved  in  wall  motion. 
Hence  one  is  not  justified  in  assuming  that  the  magnitude  of  the 
damping  will  be  the  same  in  the  two  cases.  Indeed,  a  large  discrepancy 
has  been  noted  in  the  case  of  YIG.^0,21  However,  measurements  of 
the  radio -frequency  susceptibility  due  to  wall  motion  in  a  range  of 
rare  earth  iron  garnets22  showed  that  for  most  of  the  rare  earth 
ions  the  damping  constant  associated  with  wall  motion  is  in  reason- 
'  able  agreement  with  that  obtained  from  FMR.  A  comparison  between 
the  wall  motion  and  FMR  data  is  shown  in  Table  I  (see  Ref.  22  for 
details).  The  results  have  been  expressed  in  terms  of  the  damping 
parameter 

X'-4  (7) 


where  \  is  the  Landau -Lif shit z  damping  parameter, 2 3  rather  than  the 
Gilbert  damping  a.^  Measurements  on  a  series  of  Y-Gd  iron  garnets1^ 
showed  that  the  parameter  a  is  inversely  proportional  to  the 
magnetization  M,  whereas  \  is  independent  of  M.  Thus  for  practical 
purposes  it  is  more  convenient  to  use  \  ,  since  the  mobility  rela¬ 
tion,  Eq.  (4),  then  becomes  •  i_ 


A 

2Trq, 


(8) 


For  theoretical  discussions,  however,  it  is  more  convenient  to  use 
the  Gilbert  formulation  of  the  equation  of  motion,  Eq.  (l).  For 
a  «  1,  which  is  the  case  for  most  rare  earth  garnets  of  practical 
interest,  the  relation  between  a  and  is. simply 


The  data  in  Table  I,  together  with  Eq.  (8),  have  been  found 
helpful  in  formulating  garnet  compositions  with  properties  useful 
for  bubble  devices,  since  it  is  a  good  approximation  to  assume  that 
the  contributions  to  the  damping  from  different  rare  earth  ions  can 
be  added  linearly.  It  should  be  noted  that  the  mobility  damping 
data  on  Y  and  Gd  were  obtained  from  measurements  at  high  frequencies 
(^100  MHz)  which  involved  wall  velocities  with  rms  values  of 
approximately  2000  cm/sec.  Wall  motion  at  lower  velocities  could 
involve  a  lower  value  of  damping  than  that  given  in  the  mobility 
column  in  Table  I.  However,  the  values  in  the  column  headed  FMR 
are  expected  to  be  lower  limits  to  the  damping.  We  note  in  passing 
that  the  value  of  the  damping  parameter  for  lutetium  is  expected  to 
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be  very  similar  to  that  for  yttrium.  All  the  data  in  Table  I  were 
obtained  from  measurements  on  unsubstituted  iron  garnets.  The 
possible  effects  of  gallium  and  aluminum  substitutions  are  discussed 
below. 


Table  I:  Damping  parameters  for  rare  earth  iron  garnets 
deduced  from  wall  motion  and  FMR  data. 


Rare 

X  '(  0e 2 

sec  rad.  ^") 

Earth 

Mobility 

FMR 

Y 

0.52X10-’7 

0.006X10-7 

Gd 

0.52 

0.19 

Tm 

1.2 

1.3 

Eu 

2.1 

2.2 

Yb 

4.2 

2.2 

Er 

7.0 

8.5 

Pr 

12. 

2b. 

Sm 

25. 

Ry 

26. 

52. 

Ho 

42. 

58. 

Tb 

48. 

Ib2. 

Figure  k  illustrates  the  effect  on  the  mobility  of  the  ions 
thulium,  ytterbium,  holmium  and  praseodymium.  These  data  are  crudely 
in  agreement  with  the  data  in  Table  I,  but  a  close  comparison  is  not 
possible  at  this  time  due  to  the  large  variations  in  mobility  that 
occur,  as  noted  in  Section  2.  Most  of  the  epitaxial  films  measured 
to  date  have  exhibited  a  damping  constant  considerably  larger  than 
that  to  be  expected  from  Table  I,  although  a  few  films  have  been 
grown  with  a  wall  mobility  in  good  agreement  with  the  bulk  data. 

The  results  of  the  measurements  are  summarized  in  Table  II,  where 
the  initial  mobilities  are  compared  with  those  calculated  from  the 
values  of  \  ‘ in  the  mobility  column  in  Table  I.  The  values  of  q 
generally  lie  in  the  range  3-6  and  we  have  used  the  average  value 
of  4.5  and  A  =  3xlO”7.  erg/cm  to  calculate  \jl  from  Eq.  (8).  The 
calculated  values  of  the  mobility  are  generally  in  agreement  with 
the  highest  measured  values,  with  the  exception  of  YGdTm( GaFe ) 5O12 
where  one  film  exhibited  an  initial  mobility  of  4500  cm/sec.  This 
value  of  mobility  is  inconsistent  with  both  the  mobility  and  the  FMR 
damping  parameters,  which  indicates  that  this  film  probably  con¬ 
tains  considerably  less  thulium  than  indicated  by  the  nominal 
composition.  Table  II  also  shows  the  values  of  bubble  velocity  V 
measured  at  a  drive  field  AH  =  5  0e.  These  values  are  of  more 
practical  interest  than  the  initial  mobilities  since  in  many  cases 
the  dependence  of  V  on  AH  is  nonlinear  (for  most  of  the  films  in 
Table  II  the  value  of  the  coercivity  drive  field  lies  in  the  range 
0.5  to  1.5  Oe) . 

For  most  of  the  rare  earth  garnets  the  most  significant  contri¬ 
bution  to  the  damping  at  room  temperature  arises  from  the  slow 
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AH  (oe) 


an  w 

Fig.  h  -  Bubble  velocity  measurements  in:  a)  lEui.8Tm.2(A1Fe) 5012> 
h  =  11.3  Mm,.  4ttM  =  210  g ,  a  =  0.19  erg/cm2,  M0  =  ^70  cm/sec  0e5 

t>)  YEui.85^b.l5(AlFe)50i2,  h  =  13  pm,  4itM  =  205  g,  0  =  0 *pE».ers^ 5 “  ’ 

u=  130  cm/sec -Oe;  c)  YEui.99Ho.oi(A1Fe) 5°12,  11  =  9-0  am,  -  169  8 

a  =  0.16  erg/cm2,  M  =  166  cm/sec  Oe;  d)  IEU1.99B:  .0l(A1Fe) 5°12>  h  - 
7.2  am,  4uM  =  254  g,  a  =  0.20  erg/cm ",  Po  =  800  cm/sec  Oe. 


relaxation  mechanism,  and  we  shall  therefore  consider  this  process 
in  some  detail.  The  reader  is  referred  to  standard  works  on 
ferromagnetic  relaxation,  such  as  Ref.  2k,  for  a  discussion  of  other 
mechanisms.  The  damping  of  the  magnetization  due  to  the  slow 
relaxation  is  a  result  of  the  anisotropic  exchange  interaction 
between  the  rare  earth  ions  and  -uhe  iron  sublattice .  This  exchange 
interaction  produces  a  splitting  of  the  crystal  field  energy  levels 
of  the  rare  earth  ion,  the  magnitude  of  the  splitting  being  a 
function  of  the  direction  of  the  magnetization  with  respect  to  the 
crystalline  axes.  Thus  the  precession  of  the  magnetization  due  to 
the  passage  of  a  domain  wall  past  a  rare  earth  ion  produces  a 
modulation  of  the  energy  levels  of  that  ion.  This  modulation  of 
the  energy  levels  results  in  an  irreversible  loss  of  energy  to  the 
lattice  provided  two  conditions  are  met:  a)  the  population  of  the 
energy  levels  under  consideration  must  be  significantly  larger  than 
zero  but  smaller  than  the  population  of  the  ground  state.  This 
means  that  only  low  lying  levels  whose  energies  are  comparable  with 
kT  can  contribute  to  the  slow  relaxation  mechanism;  b)  the  relaxa¬ 
tion  time  of  the  levels  involved  must  not  be  too  long  compared  with 
the  Larmor  period.  Thus  this  mechanism  does  not  contribute 
significantly  to  the  damping  produced  by  an  ion  such  as  Gd3+  which 
is  spherically  symmetric  with  no  orbital  angular  momentum.  Thus  to 
a  first  approximation  the  ground  state  is  not  split  by  the  crystal 
field  and  the  exchange  interaction  with  the  iron  sublattice  is 
almost  isotropic.  An  ion  such  as  terbium,  on  the  other  hand,  has  a 
wealth  of  energy  levels  in  the  vicinity  of  300° K  and  it  produces 
strong  damping  of  the  wall  motion  through  the  slow  relaxation 
mechanism. 

Table  II % Wall  mobility  and  bubble  velocity  in  epitaxial  garnet  films 


Nominal 

Composition 

^0 

(cm/sec  Oe) 

V(AH=5  Oe) 

( cm/see) 

|u(calc) 
cm/sec  Oe 

y24Eu6(g^.)50i2 

l64o 

1400 

1230 

mi2(AlFe)5012 

500-1600 

^ 50-625 

6k  0 

Y1.7Eu.65Tm.65(GaFe)5°12 

250-1060 

5OO-IIOO 

1030 

YEui.8Tta.2(A1Fe)5°12 

470 

500 

690 

ffiV85Ib.15(A1I’e)5012 

80-670 

80-950 

610 

800 

950 

6k  0 

1 66 

300 

610 

YGdTm(GaFe)5012 

410-^500 

800-2800 

ikoo 

Y.9Gai.lYb^GaFe^5°12 

2100 

1500 

610 

EuEr2(GaFe)5012 

96 

150 

190 

Harper  and  Teale25  have  analyzed  the  effect  of  the  slow 
relaxation  on  the  mobility  and  they  obtained  the  following  relation: 
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where  is  "the  relaxation  time,  £i  is  the  energy,  and.  is  "the 
instantaneous  population  (not  necessarily  equal  to  the  thermal 
equilibrium  population)  of  level  i.  If  Ti  is  much  smaller  than  the 
Larmor  period,  which  is  a  good  approximation  for  most  cases  of  wall 
motion  at  room  temperature,  n^  can  be  replaced  by  the  thermal, 
equilibrium  value,  and  the  mobility  is  then  inversely  proportional 
to  the  relaxation  time. 

The  anisotropy  of  the  energy  levels  of  the  rare-earth  ions, 
expressed  by  the  term  dej_/d 0  in  Eq.  (9),  arises  from  the  anisotropy 
of  the  exchange  field.  Hex*  iron  sublattice .  Hex  is  due 

almost  entirely26 “29  to  the  Fe3+  ions  in  the  tetrahedral  sites. 

Since  gallium,  and  to  a  lesser  extent  aluminum,  substitutions  are 
known30,31  to  have  a  strong  preference  for  the  tetrahedral  sites, 
such  substitutions  can  produce  a  marked  reduction  in  Hex.  We  can 
then  identify  three  posible  effects  on  the  mobility  from  Eq.  (9): 
a)  Ti  is  in  general  a  function  of  Hex32,33  but  it  is  also  a 
function  of  several  other  parameters  whose  values  are  only  imperfect¬ 
ly  known,  and  so  it  is  difficult  to  estimate  the  effect  of  Hex  on 
Ti;  b)  nj_  can  either  increase  or  decrease  with  increasing  HeX 
depending  on  whether  the  difference  between  e±  and  kT  decreases  or 
increases.  When  Eq.  (9)  involves  a  summation  over  several  levels, 
the  net  effect  on  p.  is  expected  to  be  small;  c)  the  most  important 
effect  arises  from  the  term  in  dei/d0,  which  can  be  a  strong  function 
of  Hex.  We  conclude  that  a  considerable  influence  on  the  mobility 
due  to  gallium  or  aluminum  substitutions  is  to  be  expected  for  those 
rare  earth  ions  whose  energy  levels  are  strongly  perturbed  by  Hex* 

Two  cases  are  illustrated  in  Fig.  5  f°r  Er3+  and  Ho3+. 

In  the  case  of  Er3+  the  free  ion  ground  state  has  a  half -integral 
J  value  and  the  local  orthorhombic  crystalline  electric  field  splits 
the  ground  state  into  Kramers  doublets,  which  are  split  in  first 
order  by  a  magnetic  field.  The  free  ion  ground  state  of  Ho3+  on  the 
other  hand,  has  an  integral  J  value,  and  the  crystal  field  splits  it 
into  nondegenerate  levels.  A  magnetic  field  perturbation  then 
shifts  the  crystal  field  levels  only  in  second  order.  In  the  former 
case  we  would  therefore  expect  [l  to  vary  approximately  as  Hex”2*  and 
in  the  latter  case  p  is  expected  to  vary  even  more  rapidly  with  Hex- 

Effects  attributable,  at  least  in  part,  to  this  mechanism  have 
been  observed.  A  decrease  in  FMR  linewidth  with  gallium  substitution 
in  europium  garnets  has  been  reported  by  LeCraw  et  al.^7  Writing 
dej/d 0  00  Hex,  these  workers  found  Tj[  at  78°K  to  be  unaffected  by 
gallium  substitutions.  A  large  increase  in  mobility  with  increasing 
gallium  content  in  EuEr2(GaFe)50i2  an&  Eui^YEri^AlGaFe^O^  has 
been  reported  by  Kurtzig  et  al.35  It  is  unlikely  that  the  mechanism 
described  above  can  explain  this  large  increase  in  its  entirely, 
but  it  can  be  expected  to  have  a  significant  influence  on  the 
mobility  under  the  appropriate  conditions. 
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Fig.  5  -  Low  lying  crystal 
field  energy  levels  of 
Er3+  and  Ho3+  in  garnets 
(data  taken  from  Ref.  34). 
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4.  DYNAMIC  CONVERSION  EFFECTS 

The  recent  discovery^  9  that  garnet  films  can  support  a  number 
of  different  kinds  of  hubbies  (hard  bubbles)  has  led  to  the 
suggestion  that  the  bubble  wall  can  contain  several  Bloch -to -Neel 
transitions  7,8  (Bloch  lines).  The  occurrence  of  these  Bloch  lines 
has  a  marked  effect  on  the  static7>8  and  dynamicLO,ll  properties  of 
the  bubble  domain.  It  has  also  been  observed  that  the  generation  of 
these  Bloch  lines  is  generally  associated  with  high  wall  velocities 
such  as  occur  during  rapid  demagnetization  into  a  stripe  domain 
pattern. 9  As  indicated  in  Section  2 ,  a  wall  containing  Bloch  lines 
can  have  a  considerably  lower  mobility  than  a  normal  wall,  and  so 
the  possibility  that  Bloch  lines  might  be  generated  during  a 
measurement  of  wall  mobility  has  serious  implications. 

Effects  attributable  to  the  dynamic  conversion  of  a  normal  Bloch 
wall  into  one  similar  to. that  found  in  hard  bubbles  have  recently 
been  observed36  in  an  epitaxial  Y2#4Eu. 6Gai.2Ee3 .8^12  film.  Measure¬ 
ments  of  bubble  collapse  time  showed  that  there  exists  a  wide  range 
of  field  pulse  amplitudes  required  to  collapse  bubbles,  in  a  time 
shorter  than  approximately  0.25  lisec .  At  the  shortest  time  used, 

0.20  jjsec,  the  field  pulse  amplitudes  for  collapse  ranged  from  20.5 
to  256  Oe.  These  data  are  shown  in  Fig.  6a. 

The  data  in  Fig.  6a  are  qualitatively  similar  to  those  observed 
by  other  worker 15,16  in  a  variety  of  garnet  films  in  that  they 
show  an  apparent  saturation  of  the  velocity.  For  the  film  of  Fig.  6 
this  apparent  saturation  occurs  at  a  velocity  of  approximately 


458 


Fig.  6  -  a)  Inverse  pulse  width  1/t  and  average  wall  velocity  V 
versus  pulse  amplitude-H  for  huhhle  collapse  in  Y2.pu.6Ga1.2Fe3.8Qi2- 
The  initial  bubble  diameter  was  6.2  h  =  8.1  \im,  ^ttM  =  196  g, 

O  =  0.15  erg/cm2,  b)  Velocity  V  versus  drive  field,  amplitude  AH 
for  a  bubble  in  Y2.4Eu.6Gai. 2^3. 8^12  >  Mo  =  1640  cm/sec  Oe. 


1100  cm/sec.  Measurements  of  bubble  velocity  in  a  field  gradient  in 
the  same  film,  however,  yielded  values  as  high  as  2800  cm/sec,  with 
no  sign  of  saturation, 36  see  Fig.  6b.  The  occurrence  of  domain 
velocities  in  excess  of  1100  cm/sec  was  also  confirmed  by  observing 
stroboscopically  the  propagation  of  a  domain  around  a  permalloy  disk 
in  the  presence  of  a  rotating  in-plane  magnetic  field. 3b  Velocities 
up  to  2360  cm/sec  were  observed  by  this  method,  and  so  it  was 
concluded  that  the  apparent  saturation  of  the  velocity  observed  in 
the  bubble  collapse  measurements  is  not  directly  relevant  for 
moving  bubble  domains  from  one  location  to  another  in  a  garnet  film. 

The  absence  of  a  velocity  saturation  in  the  bubble  transport 
measurements  suggests  that  the  Bloch  wall  spin  configuration  might 
be  converting  into  a  less  mobile  configuration  at  the  high  values  of 
drive  field  encountered  in  the  bubble  collapse  measurements. 
Hagedorn36  suggested  that  this  conversion  might  occur  when  the  wall 
velocity  reached  Walker* s  critical  velocity,  Vw,  which  was  calculated 
from  the  measured  magnetic  parameters  to  be  approximately  8000  cm/sec 
in  the  Y2.lj.Eu, gGai.2Fe3.8°12  film.  Extrapolation  of  the  data  in 
Fig.  6b  shows  that  Vw  would  be  reached  in  a  drive  field  of  ^36  0e> 
which  is  equivalent  to  18  Oe  in  the  bubble  collapse  case.  Examina¬ 
tion  of  the  data  in  Fig.  6a  shows  that  the  onset  of  the  anomalous 
behavior  also  occurs  at  H  ^  18  Oe.  It  was  therefore  conjectured 
that  the  application  of  a  pulse  field  larger  than  approximately 
18  Oe  would  cause  the  bubble  wall  to  accelerate  rapidly  to  Vw,  at 
which  point  it  would  be  converted  into  one  of  a  variety  of  spin 
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configurations  similar  to  those  of  hard  "bubble  walls.  Since  these 
hard  walls  have  considerably  lower  mobility  than  normal  Bloch  walls, 
this  conversion  would  be  accompanied  by  an  increase  in  the  collapse 
time  or  an  equivalent  increase  in  the  field  pulse  amplitude  required 
for  collapse.-  Similar  effects  are  expected  to  occur  in  any  experi¬ 
ment  which  involves  drive  fields  large  enough  to  enable  the  wall 
velocity  to  reach  Vw. 

The  data  shown  in  Fig.  6a  were  obtained  by  using  pulses  of  con¬ 
stant  width  at  a  low  repetition  rate  (manual  triggering)  and  grad¬ 
ually  increasing  the  pulse  amplitude  until  bubble  collapse  was 
observed.  If  the  dynamic  conversion  process  described  above  is  con¬ 
sidered  as  a  statistical  effect,  then  there  will  be  a  certain  prob¬ 
ability  that  a  bubble  will.be  collapsed  by  a  low  amplitude  pulse 
even  though  that  same  bubble  can  survive  a  higher  amplitude  pulse. 
Thus,  if  a  large  number  of  pulses  were  applied  to  the  bubble,  only 
the  upper  envelope  of  the  data  shown  in  Fig.  6a  would  be  observed. 

I)ynamic  conversion  effects  have  also  been  observed  in  bubble 
transport  experiments:  a)  hard  bubbles  have  been  observed  to  con¬ 
vert  into  normal  bubbles  when  their  velocity  exceeds  a  critical 
value; 9  b)  anomalous  dynamic  effects  have  been  observed  during  the 
measurement  of  bubble  velocity  in  a  field  gradient,  wnere  it  was 
noted  tnat  at  high  values  of  drive  field  a  bubble  which  had  the 
normal  static  properties  would  sometimes  move  with  low  velocity  and 
at  an  angle  to  the  applied  field  gradient. 36  These  two  processes, 
however,  differ  in  one  important  respect:  when  a  hard  bubble  con¬ 
verts  into  a  normal  one,  the  normal  properties  persist  after  the 
driving  field  is  removed,  whereas  the  anomalous  behavior  of  bubbles 
which  have  the  normal  static  properties  occurs  only  temporarily, 
i.e.,  the  bubble  reverts  to  the  normal  state  when  the  driving  field 
is  removed.  These  dynamic  bubble  conversion  effects  are  not  fully 
understood  at  present.  In  both  cases  a  and  b  conversion  occurs  at 
velocities  well  below  V-^.  In  case  b,  the  effects  have  been  observed 
in  both  ion-implanted  and  double  layer  films  wnere  static  hard  bub¬ 
bles  are  suppressed. 37>3&  It  seems  likely  that  imperfections  in  the 
epitaxial  films  play  an  important  role  in  these  dynamic  conversion 
effects. 

In  the  bubble  transport  measurements  one  can  readily  distinguish 
the  normal  state,  and  all  the  data  reported  here  pertain  to  normal 
bubbles. 

5-  EFFECTS  OF  TEMPERATURE,  ION  IMPLANTATION  AND  DOUBLE  LAYER  FILMS 

The  damping  of  the  wall  motion  arising  from  the  slow  relaxation 
mechanism  discussed  in  Section  3  has  been  shown21*25  to  increase 
greatly  at  temperatures  well  below  room  temperature.  At  tempera¬ 
tures  in  the  vicinity  of  room  temperature,  however,  measurements  on 
bulk  garnets21^ 25  showed  little  dependence  of  damping  on  temperature. 
Measurements  in  epitaxial  films  at  25°C  and  80°C  are  in  agreement 
with  these  results,  as  illustrated  in  Fig.  7  for  Yq  #  65 

(GaFe)50]_2.  The  increase  in  the  initial  mobility  by  a  factor  of 
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approximately  1.6  corre¬ 
lates  with  the  change  in 
the  magnetic  parameters 
over  the  same  temperature 
range , 39  according  to 
Eg.  (8).  From  the  change 
in  the  magnetic  parameters 
the  mobility  at  80°C.  is 
calculated  to  he  lA  times 
larger  than  at  25 °C. 

These  measurements  show 
that  the  damping  parameter 
does  not  change  signifi¬ 
cantly  between  25  and  80°C. 

Ion  implantation  of 
epitaxial  films  has  proven 
to  be  very  helpful  in 
avoiding  the  occurrence  of 
hard  bubble s37  in  practical 
Fig.  7  -  Bubble  velocity  measure-  devices.  The  effect  of 

ments  in  Y]_#  yEu.g^Tm.  ^^(GaFe)  5O12  ion  implantation  on 

h  =  12.2  jam.  In  a)  4ttM  =  22k  g,  mobility  has  been  investi- 

G  =  0.22  ergs/cm^,  temperature  =  gated  in  numerous  epitaxial 

25°C,  ^o  =  600  cm/sec  Oe.  In  b)  films,  and  it  has  been 

4ttM  =  182  g,  a  =  0.11  ergs/cm2,  concluded  that  in  most 

temperature  =  80°C,  \±0  =  SkO  cm/sec  Oe.  cases  of  ion  implantation 

at  a  dosage  sufficient  to 
suppress  the  static  appearance  of  hard  bubbles,  the  mobility  is  not 
adversely  affected.  This  is  illustrated  in  Fig.  8  for  YEu1.85Yk.i5 
(AlFe)50]_2*  the  velocity  measurements  after  implantation^  with 
5  x  10l6  protons/sg  cm  at  50  keV  are  "very  similar  to  the  measurements 
in  the  as -grown  film. 

Double  layer  epitaxial  films  have  also  been  found  effective  in 
suppressing  static  hard  bubbles. 38  As  in  the  case  of  ion  implanta¬ 
tion,  measurements  in  several  double  layer  films  yielded  mobility 
values  consistent  with  those  in  the  egui valent  single  layer  films. 

Two  sets  of  velocity  measurements  in  double  layer  films  of  nominally 
the  same  composition  are  shown  in  Fig.  9a,  b.  The  large  difference 
in  mobility  observed  in  these  two  films  once  again  illustrates  the 
variability  that  exists  between  nominally  identical  films. 

The  action  of  ion  implantation  and  double  layer  films  in 
eliminating  static  hard  bubbles  has  been  attributed  to  the  presence 
of  an  additional  wall38,4l  -which  caps  the  bubble.  When  the  bubble 
moves,  it  is  only  the  spins  around  the  perimeter  of  this  wall  that 
are  reguired  to  change  direction,  in  addition  to  the  spins  in  the 
regular  bubble  wall.  Hence  one  would  not  expect  this  additional 
wall  to  have  any  significant  influence  on  the  drag  force  acting  on 
the  bubble,'  in  agreement  with  the  observations.  For  the  sample  in 
Fig.  9a,  the  lower  film  had  a  compensation  temperature  'vllO°C, 
whereas  for  the  sample  in  Fig.  9k  the  compensation  temperature  of 
the  lower  film  was  'v-10°C.  Thus  in  case  a)  the  capping  wall  lies 
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outside  the  bubble38  and  in  t>)  it  lies  inside. 38  However,  no 
correlation  between  the  mobility  and  these  two  bubble  types  has  been 
observed. 


Fig.  8  -  Bubble  velocity  measurements  in  YEuq  QtjYb ^cj(AllPe) 
h  =  7-^  Id1*!*  ^-7tM  =  19^  g,  o  =  0.09  ergs/cm a  5  before  implantation, 
jj,o  =  650  cm/sec  Oe,  b)  after  implantation  with  5  x  1C>16  protons/sq 
cm  at  50  keV,  |a0  =  640  cm/sec  Oe. 

6.  MEASUREMENT  OF  WALL  MOBILITY 

Several  techniques  for  measuring  wall  mobility  in  ferrimagnetic 
films  have  been  proposed  in  recent  years.  Most  of  these  involve 
the  observation  of  the  response  of  domain  walls  to  an  external 
magnetic  field  which  is  either  a  sinusoidal^  or  a  step^3>^  function 
of  time.  Both  techniques  have  been  used  successfully  to  measure 
wall  mobilities  in  orthoferrite  platelets,  but  the  former  is 
laborious  and  requires  the  use  of  high  frequencies  for  measurements 
in  epitaxial  garnet  films.  Both  methods  suffer  from  the  disadvantage 
that  the  driving  force  on  the  wall  is  time  varying,  and  when  non- 
linearities  are  present  it  is  difficult,  if  not  impossible,  to 
extract  a  velocity  versus  field  relationship  from  the  data. 

Another  method  that  has  been  widely  used  is  the  bubble  collapse 
technique. ^5  This  method  has  several  disadvantages.  In  most  cases 
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Fig.  9  -  Bubble  velocity 
measurements  in  two  double 
layer  films,  a)  YGdTmGa.8 
Fe4.2°12  on  YGd1.3Tm.7Ga. 9 
Fe4.1°12j  h  =  5'5'MPi  (each 
layer) ,  4ttM  =  180  g  Cupper 
layer)*  a  =  0.19  ergs/cm2 
(upper  layer),  |a0  =  1000 
cm/sec  Oe  (upper  layer); 
b)  YGdTmGa .  7Feij. .  3O12  on 
Yl.06Gd.94TmGaFeii.O12* 
h  =  5 . 5  |am  (each  layer), 

4ttM  =  200  g  (upper  layer)', 

O  =  0.23  ergs/cm2  (upper 
layer),  \SQ  =  3250  cm/sec  Oe 
(upper  layer). 


the  wall  velocity  is  a  strong  function  of  bubble  diameter,  neces¬ 
sitating  a  complicated  analysis2^  in  order  to  obtain  the  wall 
mobility  even  when  the  velocity  is  a  linear  function  of  E.  When 
nonlinearities  are  present  it  is  very  difficult  to  obtain 
V-H  data  from  bubble  collapse  measurements.  Measurements  of  wall 
mobilities  in  excess  of  1000-2000  cm/sec  Oe  with  any  degree  of 
accuracy  is  very  difficult  due  to  the  high  degree  of  resolution 
in  pulse  width  and  amplitude  that  is  required.  Pulse  amplitudes 
greater  than  10  Oe  are  usually  necessary  in  order  to  achieve  reason¬ 
able  accuracy,  and  this  can  lead,  in  some  cases,  to  wall  velocities 
which  approach  Walker1 s  critical  velocity,  Vw.  As  discussed  in 
Section  4,  this  can  have  a  dramatic  effect  on  the  measurements.  In 
materials  such  as  orthoferrites  where  Vw  is  very  large12  and  in 
materials  which  have  large  damping  so  that  the  wall  velocity  does 
not  reach  Vw,  the  bubble  collapse  technique  has  yielded  results  in 
good  agreement  with  other  methods. 

All  the  techniques  mentioned  above  have  the  common  drawback  that 
they  involve  measurements  on  walls  which  have  time  varying^ velocities . 
This  drawback  is  overcome  by  the  permalloy  disk  technique, ^7  where 
the  motion  of  a  bubble  around  a  permalloy  disk  is  observed  strobo- 
scopically.  This  method  has  been  used  to  measure  wall  mobilities  in 
orthoferrites,  ^7  but  it  is  not  readily  adapted  to  measurements  in 
garnets  where  the  bubble  diameter  is  usually  very  small.  It  has 
been  used  successfully,  however,  to  confirm  the  existence  of  high 
bubble  velocities36  (see  Section  4).  The  bubble  transport  in  a 
field  gradient  technique1  also  enables  measurements  to  be  made  at 
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constant  velocities,  and  this  is  presently  considered  to  be  the 
most  suitable  technique  for  measuring  wall  mobility  in  epitaxial 
garnet  films.  As  shown  in  Ref.  1,  reproducible  measurements  of 
the  mobility  over  a  wide  range  of  bubble  diameters  can  be  made 
using  this  method.  The  data  in  Ref.  1  also  illustrate  the  fact 
that  the  effective  coercivity  is  a  function  of  the  bubble  diameter, 
which  is  of  some  interest  in  practical  devices. 
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Approaches  for  Making  Bubble-Domain  Materials 

LAWRENCE  J.  VARNERIN,  senior  member,  ieee 


Abstract — The  garnet  materials  system  has  provided  the  basis  for 
a  rapid  fundamental  transformation  of  cylindrical  magnetic  bubble- 
domain  materials  technology  from  one  based  on  bulk  single  crystals 
to  one  based  on  epitaxy.  Recent  developments  are  reviewed  in  an 
effort  to  provide  some  perspective  on  the  nature  of  this  transforma¬ 
tion  and  its  promise  for  exploitation.  The  intrinsic  adaptability  of 
the  garnet  system  has  permitted  high  degrees  of  substrate-epitaxial 
film  lattice  matching  along  with  structural  and  chemical  compati¬ 
bility.  As  a  result,  it  has  been  possible  to  grow  liquid-phase  hetero- 
epitaxial  films  with  the  ease  and  simplicity  usually  associated  with 
homoepitaxy,  while  yet  retaining  the  flexibilities  of  heteroepitaxial 
systems.  These  films  thus  exhibit  only  a  few  defects  per  square 
centimeter  and  have  been  used  with  10  000-step  shift  registers. 
The  rare-earth  gallium  garnet  substrate  growth  capabilities  are  also 
described  as  well  as  chemical-vapor  deposition  epitaxial  technology 
and  its  comparison  with  liquid-phase  epitaxy. 

Introduction 

FROM  the  very  beginning  of  the  bubble-domain  con¬ 
cept  [1],  materials  adequate  for  the  task  have  con¬ 
stituted  a  major  obstacle  to  full  exploitation  of  this  tech¬ 
nique.  While  it  was  possible  to  predict  bubble-mass 
memories,  actual  implementation  seemed  far  in  the  future. 
Previously  only  orthoferrites  were  available  as  a  reasonably 
acceptable  host  single  crystal.  Important  as  they  were  to 
invention,  efforts  [2]  to  realize  a  viable  epitaxial  tech¬ 
nology  were  unsuccessful.  During  this  past  year,  however, 
significant  advances  in  materials  and  materials  technology 
have  occurred.  As  a  result  the  outlook  for  practical  imple¬ 
mentation  has  changed  markedly. 
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With  the  introduction  of  uniaxial  garnets  [3]  in  1970, 
it  was  clear  that  the  higher  observed  bubble  densities  held 
promise  for  low-batch  processing  economics,  the  key  to 
technological  usage.  Far  more  important,  in  retrospect, 
is  the  fact  that  the  garnet  materials  system  has  proven  to 
be*  of  orders  of  magnitude  more  simple  and  adaptable. 
It  has  been  possible  to  exploit  these  properties  and  trans¬ 
form  bubbles  material  technology  to  one  based  on  epitaxy. 

With  this  new  technology  now  less  than  a  year  old,  it  has 
been  possible  to  demonstrate:  1)  the  preparation  of  ex¬ 
tremely  low  defect  films  [4],  [5]  with  2-20  defect/cm2,  and 
2)  the  operation  of  10  000-step  shift  registers  [6].  This 
represents  a  degree  of  perfection  and  a  level  of  large  scale 
integration  that  exceeds  the  level  which  can  be  accom¬ 
plished  with  a  technology  as  mature  as  silicon. 

Bulk-Crystal  Technology 

Initial  efforts  with  the  uniaxial  garnets  [3]  involved  the 
growth  of  crystals  from  the  flux.  Their  uniaxial  nature  re¬ 
sulted  from  site  ordering  [7  ]  of  the  two  or  more  rare-earth 
ions  incorporated  in  the  particular  garnet.  This  growth- 
induced  ordering  occurred  along  particular  crystallo¬ 
graphic  directions  under  the  growth  facets.  To  achieve  the 
required  few  micrometers  thick  device  plates,  these  crystals 
had  to  be  oriented,  sliced,  mounted,  and  polished.  This  was 
clearly  a  cumbersome,  low  yield,  and  expensive  technique, 
even  if  the  crystals  were  perfect  to  begin  with. 

The  flux-grown  crystals,  however,  were  far  from  perfect, 
exhibiting  growth  problems  which  further  limited  their 
applicability.  Flux  inclusions  were  common  but  more 
serious  were  compositional  variations  associated  with 
growth.  None  of  the  suitable  cuts  coincided  with  growth 
facets.  Thus  the  crystal  plate,  in  effect,  records  the  crystal 
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growth  history  as  variations  in  composition  which  are  re¬ 
flected  in  magnetization  variations.  This  limited  the  areas 
suitable  for  bubble  propagation  rather  seriously. 

Heteroepitaxy  of  magnetic  films  on  nonmagnetic  sub¬ 
strates  provided  a  conceptually  simpler  alternative.  But 
major  questions  remained:  Would  it  be  possible  to  mini¬ 
mize  the  basic  incomp  at  ability  inherent  in  a  heteroepi- 
taxial  system  sufficiently  to  control:  1)  cracking  and  2) 
misfit  dislocations  which  would  lead  to  coercivity.  The  role 
of  dislocations  in  domain-wall  pinning  [8]  had  already 
been  demonstrated.  These  problems  had  to  be  overcome  in 
the  multicomponent  films  essential  for  bubbles.  It  is  here 
that  the  inherent  simplicity  and  adaptability  of  garnets, 
though  compositionally  complicated,  provided  the  key. 

Garnet  Properties 

The  basic  simplicity  and  adaptability  of  the  garnet 
system  is  best  illustrated  by  noting  the  following  four 
properties. 

1)  The  Garnets  Are  Cubic :  Uniaxial  anisotropy  implies 
a  departure  from  cubicity.  However,  this  departure  is  so 
minute  crystallographically  [9]  that  it  can  be  ignored. 
Thus  there  are  no  anisotropic  properties,  such  as  expansion 
coefficients,  to  deal  with. 

2)  Ease  of  Substitution:  In  the  basic  garnet  formula 
A3B5O12,  as  exemplified  by  YIG  {  F3}  [Fe2](Fe3)Oi2,  the  site 
preferences  are  well  understood  scientifically  [10],  and 
substitutions  are  well  ordered  and  easily  controlled.  The 
dodecahedral  site  { Y3 }  accepts  most  of  the  rare  earths 
singly  or  in  combination.  The  octahedral  [Fe2]  and  tetra¬ 
hedral  sites  (Fe3)  accept  iron,  gallium,  and  aluminum  with 
the  latter  two  showing  a  preference  for  the  tetrahedral 
sites. 

3)  Wide  Range  of  Magnetic  Properties  Possible:  Multiple 
rare  earths  make  possible  growth-induced  uniaxial  anisot¬ 
ropy.  A  range  of  magnetic  compensation  temperatures  is 
available  through  choice  of  rare  earths  and  make  possible 
temperature  insensitive  compositions.  Gallium  and  alumi¬ 
num  substitutions  permit  magnetization  adjustment. 

4)  High  Degree  of  Chemical  and  Structural  Compatibility : 
The  wide  range  of  properties  possible  with  garnets  from 
nonmagnetic  to  magnetic  is  available  within  the  garnet 
system.  Thus  they  all  have  the  same  crystal  structure. 
Structural  incompatibility  arises  largely  from  lattice 
parameter  differences. 

Substrate  Film  Matching  Requirements  for  Epitaxy 

Homoepitaxy  (silicon  on  silicon,  for  example)  presents 
an  optimum  situation  for  epitaxial  growth.  The  degree  of 
compatibility  between  substrate  and  film  is  obviously  very 
great.  In  the  case  of  heteroepitaxy,  reflecting  the  garnet 
case,  it  is  necessary  to  pay  attention  to  various  types  of 
mismatch  between  the  film  and  substrate.  The  most  im¬ 
portant  requirement  for  successful  garnet  epitaxy  has 
been  the  need  for  lattice  parameter  match.  This  has  been 
the  best  single  predictor  for  success. 

The  importance  of  the  properties  discussed  in  the  pre¬ 
vious  section  can  be  illustrated  by  considering  the  need 


for  lattice  parameter  matching  in  epitaxy.  In  the  case  of 
the  orthoferrites,  a  substrate  suitable  for  epitaxy  must 
match  two  orthogonal  lattice  constants  of  the  magnetic 
film  and  thus  borders  on  the  impossible.  In  the  garnet 
case,  there  is  a  wide  range  of  nonmagnetic  cubic  garnets. 
This  is  extremely  fortunate  for  the  garnets  exhibit  a  well- 
developed  preference  to  grow  on  each  other,  illustrating 
the  basic  chemical  and  structural  compatibility. 

It  has  turned  out  that  differences  in  expansion  co¬ 
efficient  do  not  present  too  much  difficulty  if  a  good  lattice 
match  is  achieved.  In  the  absence  of  lattice  match,  the 
greater  expansion  coefficients  of  the  iron  garnets  over 
gallium  garnets  lead  to  cracking  from  tensile  stresses.  A 
further  dividend  has  accrued  with  good  lattice  match;  the 
tendency  for  faceting  is  reduced  markedly  and  flat  film 
growth  is  favored. 

Substrates  and  Lattice  Match 

The  rare-earth  gallium  garnets  have  proved  to  be  ex¬ 
cellent  choices  for  substrates.  Their  lattice  constants  span 
those  of  all  the  iron  garnets.  Furthermore,  they  exhibit 
less  etching  attack  in  the  flux  mixes  used  in  epitaxy  than 
do  the  aluminum  garnets. 

A  number  of  rare-earth  gallium  garnet  boules  are  shown 
in  Fig.  1.  They  can  be  pulled  [11]  from  essentially  stoichio¬ 
metric  melts  by  the  Czochralski  technique.  They  include 
the  gallium  garnets  of  gadolinium,  neodymium,  samarium, 
dysprosium,  and  terbium.  They  grow  relatively  easily 
with  examples  of  remarkable  perfection.  It  seemed  at  the 
outset  that  epitaxy  had  one  built-in  difficulty:  the  sub¬ 
strate  had  to  be  at  least  as  free  of  defects  as  the  desired 
epitaxial  film.  The  answer  to  that  difficulty  has,  in  part, 
been  obtained.  It  has  been  possible  for  Brandle  to  grow 
gadolinium  gallium  garnet  ingots,  which  are  believed  to  be 
essentially  dislocation  free  based  upon  etching  studies 
[12].  Inclusions  have  been  almost  completely  eliminated. 
Here  rapid  success  owes  much  to  semiconductor  tech¬ 
nology  as  well  as  to  solid  state  laser  technology  associated 
with  the  related  neodymium-doped  yttrium  aluminum 
garnet  crystals. 

In  addition  to  the  single  rare-earth  gallium  garnets, 
Brandle  has  grown  a  series  of  mixed  rare-earth  composi¬ 
tions  which  span  a  lattice  parameter  range  which  covers 
the  complete  range  of  iron  garnets  of  current  interest. 
This  is  shown  in  Fig.  2,  covering  the  range  of  gallium 
garnets  from  dysprosium,  gadolinium,  samarium,  through 
neodymium,  as  well  as  their  solid  solutions.  Brandle  [11] 
found  that  the  solid  solutions  also  grew  well  if  slower  pull 
rates  were  used. 

Also  indicated  in  Fig.  2  are  a  number  of  magnetic-film 
compositions  for  which  successful  epitaxy  has  been 
achieved.  Thus  it  is  possible  to  select,  on  an  exceedingly 
fine  lattice  constant  scale,  compositions  adaptable  to  a 
wide  range  of  magnetic  compositions  suitable  for  bubble 
applications. 

Various  approaches  can  be  taken  to  achieve  suitable 
magnetic  properties  for  bubble  applications  and  to  obtain 
lattice  match  at  the  same  time.  Rare-earth  mixing  or  gal- 
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Fig.  1.  Boules  of  rare-earth  gallium  grown  by  Brandle  [11]  using  Czochralski  technique.  From  left  to  right  they 
are  gallium  garnets  of  gadolinium,  neodymium,  samarium,  dysprosium,  and  terbium,  respectively. 


Fig.  2.  Lattice  constant  as  a  function  of  composition  extending 
from  nonmagnetic  rare-earth  gallium  garnets  of  dysprosium, 
gadolinium,  samarium,  through  neodymium,  and  the  nearest 
neighbor  solid  solutions  (Dy-Gd,  Gd-Sm,  Sm-Nd).  Magnetic 
compositions  for  which  successful  epitaxy  has  been  achieved  are 
also  indicated. 

lium  substitution  or  both  can  be  employed.  One  of  the 
first  garnet  compositions  Gd2.34Tb0.66Fe5Oi2  made  use  of 
rare-earth  mixing  [3].  The  first  successful  epitaxial  cir¬ 
cuits  made  use  of  both  rare-earth  mixing  and  gallium  sub¬ 
stitution  Er2Eu1Fe4.3Gao.7O12  in  a  liquid-phase  epitaxial 
(LPE)  process  [13].  It  is  this  same  composition  which  has 
been  used  [4],  [5]  to  realize  extremely  low-defect  films  and 
10  000-step  shift  registers  [6].  Gallium  substitution  in 
YIG  was  used  by  Heinz  et  al.  [14]  with  a  chemical-vapor 
deposition  (CVD)  technique.  The  first  successful  CVD 
shift  registers  were  obtained  by  Robinson  et  al.  [15]  with 
the  composition  Tb2.5Ero.5Fe5Oi2  by  rare-earth  mixing. 

What  is  clear  here  is  that  there  are  two  degrees  of  free¬ 
dom  with  respect  to  lattice  match.  One  may  choose  either 
to  adjust  the  substrate  composition  to  match  a  magnetic 
composition  or  to  adjust  the  magnetic  composition  to 
match  a  particular  substrate.  In  practice  both  tactics  have 
been  employed  with  success. 


SUBSTRATE  COMPOSITION 

Fig.  3.  Melting  points  of  nonmagnetic  rare-earth  gallium  garnets 
used  with  Fig.  2. 

Substrate  Melting-Point  Considerations 

Using  the  same  composition  abscissa  as  in  Fig.  2,  the 
melting  points  for  the  single  rare-earth  gallium  garnets 
are  shown  as  open  circles  in  Fig.  3.  These  represent  well- 
defined  congruent  melting  points,  by  which  is  meant  that 
the  composition  of  the  melt  and  of  the  solidifying  crystal 
are  the  same.  These  compositions  grow  most  easily.  The 
temperature  range,  though  high,  is  not  as  difficult  a  range 
as  for  the  corresponding  aluminum  garnets.  A  single  curve, 
such  as  the  dashed  one,  drawn  through  the  open  circles 
does  not  rigorously  describe  the  melting  point  variation 
since  the  mixed  compositions  do  not  melt  quite  con- 
gruently.  Thus  there  are  two  curves,  a  liquidus  and  a 
solidus,  joining  the  congruent  end  points  as  shown  for  the 
gadolinium-samarium  solutions,  the  only  range  for  which 
Brandle  obtained  detailed  dependences.  This  describes  the 
fact  that  the  solid  composition  is  slightly  different  from 
the  melt  composition.  The  existence  of  this  difference 
tends  to  make  growth  more  difficult  in  that:  1)  the  corn- 
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position  of  the  crystal  varies  as  it  grows,  and  2)  there  is  a 
tendency,  unless  very  slow  growth  rates  are  used,  for 
growth  instabilities  such  as  constitutional  supercooling  to 
result  in  a  striated  or  cellular  variation  in  properties. 

The  seriousness  of  these  difficulties  is  least  if  end-mem¬ 
ber  melting-point  differences  are  small  as  with  the  left- 
end  members,  and  more  serious  with  the  right-end  mem¬ 
bers.  Thus  we  can  approach  more  confidently  substrate 
lattice  adjustment  in  the  low  lattice  parameter  range  than 
in  the  high.  Yet  it  should  be  recognized  that,  even  here, 
the  growth  problems  can  be  controlled  straightforwardly. 
For  example,  the  distribution  coefficients  were  sufficiently 
close  to  unity  that  compositional  variations  and  the  con¬ 
sequent  lattice  constant  variations  were  of  little  im¬ 
portance. 

Liquid-Phase  Epitaxy 

The  major  epitaxial  processes,  liquid-phase  epitaxy 
(LPE)  and  CYD,  have  been  used  in  garnet  epitaxy.  The 
classic  iron  garnet  YIG  (Y3Fe50i2)  was  first  deposited  by 
LPE  by  Linares  [16]  for  microwave  applications  and  by 
CVD  by  Mee  et  al.  [17].  YIG,  however,  is  not  useful 
in  bubble  applications  because  of  its  high  magnetization. 
Prior  to  1970,  there  remained  major  unresolved  problems 
so  far  as  bubble  applications  were  concerned.  They  in¬ 
cluded  sufficiently  sophisticated  multicomponent  mixes, 
questions  of  perfection  and  coercivity  as  w^ell  as  sufficiently 
flat  surface  texture  to  be  suitable  for  circuit  use. 

These  objectives  were  first  realized  in  LPE  and  then 
utilized  in  circuits  by  Shick  et  al.  [13].  The  specific  tech¬ 
nique  employed,  called  “tipping,”  was  first  applied  by 
Nelson  [18]  in  gallium  arsenide  epitaxy  and  later  by 
Lorentz  and  Pilkuhn  [19],  and  Saul  et  al.  [20]  in  achieving 
high  efficiency  light  emitting  gallium  phosphide  diodes. 

A  pivoted  tipping  furnace  [2]  is  used,  as  shown  in  Fig. 
4,  containing  a  platinum  boat  with  a  flux  mix  similar  to 
that  used  in  bulk  crystal  growth.  The  crucible  design, 
following  that  of  Linares  [16],  incorporates  a  screen  to  hold 
back  the  excess  solid  used  to  maintain  a  saturated  solution. 
Solution  is  first  achieved  about  1050° C,  then  the  tempera¬ 
ture  is  lowered  to  a  saturation  temperature  geiierally  in 
the  925-950°  C  range.  The  furnace  is  then  tipped  so  that 
the  substrate  is  covered.  Simultaneously,  the  temperature 
is  dropped  rapidly,  in  the  300°C/h  range,  and  growth 
occurs. 

A  very  similar  LPE  technique,  “dipping,”  has  been  em¬ 
ployed  by  Levinstein  et  al.  [4].  Briefly,  a  crucible  essen¬ 
tially  identical  to  that  used  in  bulk  crystal  growth  is  em¬ 
ployed.  A  substrate  is  lower  into  the  saturated  solution 
and  again  the  temperature  dropped  rapidly  to  effect 
epitaxy,  the  same  way  as  in  tipping. 

The  LPE  process  gives  rise  almost  invariably  in  uneven 
and  often  hillocky  growth,  quite  inconsistent  with  the  re¬ 
quirements  for  bubble  circuits  and  propagation.  This  has 
been  a  major  and  inherent  difficulty  with  LPE  in  all  ma¬ 
terial  systems.  It  was  here  that  Shick  et  al.  [13]  and 
Levinstein  et  al.  [4]  discovered  a  most  important  property 
of  garnet  growth.  Under  very  special  conditions,  faceting 
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Fig.  4.  Furnace  and  crucible  used  for  tipping  LPE. 


can  be  completely  suppressed.  There  are  three  require¬ 
ments:  1)  low  growth  temperature,  in  the  range  of  950°  C 
and  lower,  appreciably  lower  than  that  for  normal  flux 
growth;  2)  high  growth  rates;  and  3)  good  lattice  match, 
to  within  0.01  to  0.02  A.  In  this  way  very  smooth  epitaxial 
films  are  obtained  which  are  suitable  for  device  use.  This 
represents  a  major  achievement  in  garnet  epitaxy. 

The  10  000-step  shift  registers  have  been  operated  on 
these  films.  The  degree  of  perfection  of  these  films  has 
been  unusually  high  with  defect  densities  in  the  range  of  2 
to  20/ cm2. 

LPE  Defects 

Defects  that  do  show  up  are  usually  associated  with 
some  kind  of  a  disturbance  existing  at  or  in  the  substrate. 
The  photograph  in  Fig.  5  shows  two  types,  which  are  hold¬ 
ing  up  domain  walls  at  three  points.  The  defect  designated 
A  is  associated  with  a  small  substrate  inclusion  that  inter¬ 
sects  the  surface  and  results  in  a'hole  in  the  film.  Similar 
holes  develop  if  either  dirt  particles  are  present  on  the 
substrate  or  if  polishing  damage  remains.  Defects  B  and 
C  are  small  orthoferrite  crystals  which  were  formed  during 
growth  due  to  co-crystallization.  These  have  been  elimi¬ 
nated  by  careful  control  of  melt  composition.  The  C  defect 
shows  evidence  that  a  flux  bubble  was  retained  on  the 
orthoferrite  crystal,  giving  rise  to  a  slightly  thicker  circular 
region. 

The  density  of  these  defects  can  be  reduced  to  unusually 
low  levels  for  heteroepitaxial  films.  Within  reasonable  and 
somewhat  forgiving  limits  on  matching,  the  chemical  and 
structural  similarities  of  the  garnets  permit  the  use  of 
combinations  of  garnets  as  though  they  were  but  one  com¬ 
ponent.  Thus  the  simplicity  of  homoepitaxy  has  been 
achieved  while  the  adaptability  of  heteroepitaxy  has  been 
retained.  This  is  of  major  significance  in  the  exploitation  of 
garnet  epitaxy. 
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Fig.  5.  Defects  in  LPE  film. 
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Fig.  6.  Furnace  and  gas  distribution  system  used  in  [15]. 


Chemical-Vapor  Deposition 

The  other  major  epitaxial  process  is  CVD.  Its  list  of 
accomplishments  is  not  yet  as  impressive  as  LPE,  but  it 
may  provide  an  important  key  to  some  practical  problems.. 
For  example,  it  may  prove  to  have  important  economic 
advantages.  In  Fig.  6  is  shown  a  cutaway  furnace  and 
reactor  tube  used  by  Robinson  et  al.  [15].  Halides  of  iron, 
gallium,  and  the  rare  earths  as  well  as  oxygen  and  a  carrier 
gas  argon  are  transported  to  substrates.  Diffusion  mixing 
of  the  laminar  flowing  component  gases  is  effected  im¬ 
mediately  before  the  synthesis  reaction  on  the  substrates. 
Under  suitable  conditions  of  gas  component  ratios,  tem¬ 
perature,  etc.,  extremely  flat  surfaces  are  obtained  and 
shift  registers  have  been  operated  successfully.  Defect 
densities  are  higher  in  Robinson's  films  than  in  the  LPE 
films  so  far.  Thus  only  smaller  shift  registers  have  been 
operated.  It  appears,  however,  that  defect  problems  are 
not  intrinsic.  This  is  supported  by  the  work  of  Heinz  et  al. 
[14]  on  gallium  substituted  YIG  films  which  appear  to 
have  a  high  degree  of  perfection. 

LPE-CVD  Comparisons 

Some  further  comparisons  between  LPE  and  CVD  films 
as  well  as  between  the  growth  methods  can  be  made.  The 
most  important  magnetic  difference  is  the  nature  of  the 
basically  uniaxial  anisotropy  essential  for  the  existence 
of  bubbles.  With  the  more  complicated  compositional 


mixes  used  in  the  LPE  films,  the  dominant  anisotropy 
mechanism  has  been  the  same  growth  induced  type  seen 
in  bulk-grown  garnets  [21].  Most  of  the  anisotropy  can  be 
annealed  out  or  reduced  in  magnitude  in  the  1200° C  range, 
the  same  as  for  the  bulk  garnets.  This  reflects,  in  part, 
the  generally  lower  magnetostrictive  properties  of  these 
compounds.  This  annealing  property  can  be  used  to 
modify  the  anisotropy  of  films  after  growth  and  adjust 
bubble  size,  a  great  convenience  in  achieving  working 
circuits  having  different  spatial  periodicities.  It  thus  allows 
one  composition  to  do  the  work  of  many,  contributing  to 
the  adaptability  of  the  system. 

By  contrast,  the  CVD  films  so  far  achieved  have  all 
been  anisotropic  by  nature  of  their  large  negative  mag¬ 
netostriction  and  the  large  tensile  stresses  associated  with 
thermal  expansion  mismatch.  In  general,  some  caution 
should  be  exercised  in  using  a  stress  sensitive  phenomenon 
for  a  device  which  will  be  subjected  to  further  stresses, 
some  accidental  as  in  handling  and  others  intrinsic  as  in 
the  application  of  circuits.  However,  experience  must  be 
gained  to  achieve  better  perspective.  It  is  quite  possible 
that  as  the  more  complicated  compositions  are  mastered 
in  CVD  the  same  growth-induced  anisotropies  as  exist 
in  LPE  films  will  also  be  observed. 

This  question  of  anisotropy  type  illustrates  another  im¬ 
portant  difference  in  the  methods.  Complicated  mixes  can 
be  more  rapidly  realized  with  LPE.  It  is  just  a  matter  of 
weighing  out  more  components  to  be  added  to  a  solution. 
With  CVD,  each  additional  component  adds  another  com¬ 
ponent  gas  stream  which  must  be  controlled  throughout  a 
growth  run.  Thus  the  control  problems  compound  with 
compositional  complexity.  What  this  says,  clearly,  is  that 
successful  implementation  of  a  CVD  system  requires  a 
greater  commitment  of  development  and  engineering 
resources.  But  it  says  nothing  about  which  technique  will 
be  more  controllable  or  economical  once  fully  developed. 
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Although  LPE  films  having  thickness  variations  in  the 
=t=  2.5-percent  range  have  been  obtained  over  areas  ap¬ 
proaching  a  square  centimeter,  the  10-percent  range  is 
more  typical.  Tight  specifications  [22]  on  thickness, 
magnetization,  and  wall  energy  uniformity  are  needed  to 
avoid  apportioning  too  great  a  fraction  of  operating  mar¬ 
gins  to  material  variations.  Intuition  augmented  by  some 
fragmentary  data,  suggests  that,  in  the  long  run,  thickness 
control  will  be  achieved  more  easily  with  CVD  than  with 
LPE.  While  the  evidence  is  anything  but  convincing  at  the 
present  time,  the  economic  impact  on  yield  is  very  ob¬ 
vious.  It  is  too  early  to  pick  the  technique  which  will 
dominate. 

Conclusions 

In  the  past  }^ear  the  materials  technology  for  bubble 
applications  has  undergone  an  extremely  rapid  and  sig¬ 
nificant  transformation  from  one  based  on  bulk  crystals 
to  one  based  on  epitaxy.  The  success  of  this  transforma¬ 
tion  has  been  demonstrated  by  the  achievement  of  unusual 
heteroepitaxial  perfection  that  now  permits  realization  of 
memory  chips  having  tens  of  kilobits.  This  is  the  threshold 
chip  size  for  mass  memories  [6].  This  new  heteroepitaxial 
technology  is  one  that  will  permit  rapid  use  because  it  is 
so  similar  to  current  commercial  semiconductor  tech¬ 
nology.  While  problems  of  uniformity  and  reproducibility 
require  more  concentrated  effort  and  compositions  having 
improved  properties  will  be  needed,  fundamental  ma¬ 
terials  problems  no  longer  bar  progress  in  bubble  circuits 
and  memories. 
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Amorphous  Metallic  Films  for  Bubble  Domain 
Applications 


Abstract:  We  have  found  that  sputtered  amorphous  films  of  Gd-Co  and  Gd-Fe  have  perpendicular  magnetic  anisotropy.  The  demagne¬ 
tized  domain  configuration  consists  of  stripe  domains,  and  bubble  domains  were  nucleated  in  an  applied  field.  By  controlling  the  sput¬ 
tering  conditions,  films  with  a  wide  variety  of  magnetic  properties  were  obtained. 


Introduction 

Materials  which  are  atomically  disordered  but  magneti¬ 
cally  ordered  have  been  known  for  a  number  of  years. 
Materials  in  this  class  include  evaporated  thin  films  [1- 
3],  splat  cooled  alloys  [4],  and  electrochemically  depos¬ 
ited  films  [5].  We  have  prepared  magnetically  ordered 
amorphous  films  of  Gd-Co  and  Gd-Fe  alloys  by  sputter¬ 
ing.  Recently,  amorphous  films  of  TbFe2  have  also  been 
prepared  by  sputtering  and  have  been  shown  by  neutron 
diffraction  [6]  to  be  magnetically  ordered. 

We  have  studied  the  domain  structure  of  our  amor¬ 
phous  sputtered  films  of  Gd-Co  and  Gd-Fe  by  means  of 
Lorentz  microscopy,  Bitter  patterns,  and  Kerr  contrast 
and  find  that  under  certain  conditions  of  fabrication  the 
demagnetized  domain  configuration  consists  of  stripe 
domains.  It  has  also  been  found  that  bubble  domains  can 
be  nucleated  in  an  appropriate  applied  field.  Both  states 
are  shown  in  Fig.  1.  These  results  have  led  us  to  exam¬ 
ine  the  potential  utility  of  amorphous  materials  for  bub¬ 
ble  domain  device  application.  Indeed  we  have  built  and 
operated  shift  registers  on  these  materials.  The  material 
used  in  the  shift  registers  had  a  bubble  diameter  of  2  /xm. 
Bubble  generation,  propagation,  cornering  and  annihila¬ 
tion  were  achieved. 

In  this  note  we  summarize  some  of  our  results  on  the 
method  of  fabrication  of  these  films,  their  structure  and 
composition,  and  such  magnetic  properties  as  saturation 
magnetization,  coercivity,  and  anisotropy. 

Experimental  Results 

The  Gd-Co  and  Gd-Fe  films  were  prepared  by  sputter¬ 
ing.  Both  rf  and  dc  sputtering  were  used.  The  targets 
were  fabricated  by  arc  melting  mixtures  of  the  elements. 


Upon  applying  a  negative  bias  voltage  to  the  substrates 
during  sputtering,  the  composition  of  the  film  was  varied 
by  as  much  as  10  atomic  percent  over  the  nominal  com¬ 
position  expected  from  a  given  target.  Films  with  a  wide 
range  of  compositions  were  prepared  and  their  proper¬ 
ties  investigated.  The  deposition  was  carried  out  on  a 
variety  of  substrates,  which  included  amorphous  materi¬ 
als  such  as  glass  and  fused  quartz,  polycrystalline  ma¬ 
terials  such  as  copper  and  tungsten,  and  single  crystal 
substrates  such  as  NaCl,  Al2Os,  Si,  and  mica.  In  addi¬ 
tion,  flexible  substrates  such  as  heat  stable  polymers 
were  also  used.  In  order  to  provide  good  heat  transfer 
the  substrates  were  gallium  backed  and  mounted  on  a 
water  cooled  molybdenum  block.  The  temperature  of 
the  substrates  at  the  start  of  deposition  was  near  room 
temperature.  Most  of  the  results  reported  here  were  ob¬ 
tained  on  glass  substrates.  However,  the  properties  of 
these  films  were  found  to  be  essentially  independent  of 
the  nature  of  the  substrate. 

The  structure  of  the  as-deposited  films  was  investigat¬ 
ed  by  transmission  electron  microscopy  and  by  reflec¬ 
tion  electron  diffraction.  The  films  were  found  to  be 
amorphous  and  the  diffraction  patterns  showed  charac¬ 
teristic  broad  halos.  High  resolution  dark  field  electron 
microscopy  showed  the  films  to  have  coherently  scatter¬ 
ing  regions  less  than  25  A  in  diameter. 

The  average  compositions  of  the  films  were  deter¬ 
mined  by  x-ray  fluorescence  analysis.  Composition  (and 
impurity  content)  fluctuations  in  the  thin  films  as  a  func¬ 
tion  of  film  thickness  were  determined  by  a-backscat- 
tering:  Similar  investigations  of  fluctuations  parallel  to 
the  plane  of  the  film  were  carried  out  with  a  microprobe. 
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Figure  1  (a)  Stripe  domains  in  a  Gd-Co  alloy.  Kerr  contrast;  magnification  500x.  (b)  Bubble  domains  in  a  Gd-Co  alloy.  Kerr  contrast; 

magnification  500x. 


Within  the  resolution  limit  of  the  techniques  the  ratio  of 
Gd  to  Co  was, found  to  be  independent  of  spatial  posi¬ 
tion  in  the  film. 

The  room  temperature  magnetization  was  determined 
either  directly  on  a  force  balance  or  indirectly  from  bub¬ 
ble  statics.  The  saturation  magnetization,  4ttMs,  is 
shown  as  a  function  of  the  film  composition  in  Fig.  2. 
The  solid  line  (as  explained  later)  gives  the  calculated 
values.  The  moment  goes  through  a  minimum  at  approx¬ 
imately  78  at.  %  Co.  We  note  that  the  value  of  4ttMs 
goes  from  a  few  hundred  to  several  thousand  Gauss 
when  the  Gd  to  Co  ratio  is  varied  from  the  minimum. 

The  variation  of  saturation  magnetization  with  compo¬ 
sition  can  be  explained,  as  in  the  case  of  the  Gd-Fe  sys¬ 
tem  [3],  by  antiferromagnetic  coupling  between  the  Gd 
and  Co  atoms.  This  assumption  explains  the  presence  of 
the  minimum.  The  solid  lines  shown  in  Fig.  2  were  cal¬ 
culated  on  this  basis. 

The  fundamental  length,  /,  is  defined  by  [7] 


1  —  —  2  ’  vi; 

4itMs  ttMs 

where  crw  is  the  wall  energy,  A  the  exchange  constant, 
and  Ku  the  anisotropy  energy.  The  value  of  /  was  ob¬ 
tained  from  strip  width  and  film  thickness  measurements 
[8].  In  general  l~l  varied  approximately  with  composi¬ 
tion,  as  did  the  square  of  the  magnetization.  This  is  sug¬ 
gested  by  Eq.  ( 1 )  if  crw  is  assumed  to  be  constant.  How¬ 
ever,  we  observed  considerable  scatter  in  the  data 
which,  we  propose,  is  associated  with  a  variation  in  crw 
with  film  deposition  conditions.  This  can  be  demonstrat¬ 
ed  by  plotting  /  X  4i tMs2  as  a  function  of  bias  voltage,  as 
shown  in  Fig.  3.  With  increasing  bias  the  value  of  crw 
increases.  Apart  from  the  effect  of  bias  voltage  there  is 


Figure  2  Room  temperature  saturation  magnetization  as  a 
function  of  film  composition  in  Gd-Co  alloys. 


also  a  thickness  effect  on  the  magnetic  properties.  We 
show,  for  example,  in  Fig.  4  the  variation  in  /  as  a  func¬ 
tion  of  thickness  for  a  Gd-Fe  film  sputtered  from  a  se¬ 
lected  target.  When  the  thickness  is  less  than  2000  A 
only  in-plane  magnetization  is  observed.  Above  2000A 
perpendicular  anistropy  is  observed  and  the  value  of  7 
reaches  a  limiting  value.  Similar  curves  are  obtained  for 
other  bias  voltages  and  compositions  not  only  for  the 
Gd-Fe  alloys  but  also  for  the  Gd-Co  alloys. 

The  anisotropy  constant  Ku  was  determined  by  ferro¬ 
magnetic  resonance  and  in  the  case  of  the  Gd-Co  alloys 
typical  values  of  Q  (=  KjlirMs)  were  well  in  excess  of 
one.  The  diffraction  data  suggest  that  the  extent  of 
atomic  order  in  these  alloys  is  less  than  25  A.  Beyond 
this  distance  (and  certainly  within  the  range  of  thickness 
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Figure  3  The  effect  of  applied  bias  voltage  on  the  domain  wall 
energy  for  Gd-Co  films. 


Figure  4  Dependence  of  characteristic  length  /  on  film  thick¬ 
ness  in  a  Gd-Fe  film.  To  the  left  of  the  dashed  line  the  magne¬ 
tization  was  in  plane. 


of  typical  films)  we  expect,  and  the  diffraction  data  con¬ 
firm,  no  long  range  order.  Magnetocrystalline  anisotropy 
therefore  cannot  give  rise  to  the  observed  perpendicular 
component. 

Stress  induced  anisotropy  is  not  considered  to  be  sig¬ 
nificant  in  these  films.  A  film  grown  on  a  NaCl  substrate 
showed  no  substantial  change  in  domain  strip  width  be¬ 
fore  and  after  the  substrate  had  been  dissolved  in  water. 
Had  stress  been  a  significant  factor  the  magnetization  — 
in  particular  the  perpendicular  component  — would  have 
shown  large  changes  when  the  film  was  no  longer  con¬ 
strained  and  therefore  no  longer  stressed  by  the  sub¬ 
strate. 

Pair  ordering  and  shape  anisotropy  are  the  two  re¬ 
maining  possibilities.  We  suggest  that  both  of  these  con¬ 
tribute  to  the  anisotropy.  The  details  of  these  processes 
will  be  described  in  a  later  publication. 


Finally  we  consider  the  question  of  coercivity.  For 
bubble  domain  applications  a  preferred  upper  limit  of 
coercivity  is  one  percent  of  the  saturation  magnetization 
[7].  Measurements  on  the  Gd-Co  alloys  using  the  bub¬ 
ble  run-out  technique  have  yielded  values  from  one-half 
to  a  few  percent  of  the  saturation  magnetization.  The 
relatively  low  value  of  coercivity  can  be  qualitatively 
explained  on  the  basis  that  the  domain  wall  width  is  sub¬ 
stantially  larger  than  the  coherently  scattering  regions. 
As  a  result  the  wall  rides  on  a  higher  but  essentially 
uniform  potential. 

Conclusion 

The  amorphous  rare  earth-transition  metal  alloys  show 
potential  as  a  new  class  of  bubble  domain  materials. 
Because  the  rare-earth  and  the  transition-metal  moments 
are  opposed  in  these  materials,  it  is  possible  to  find 
compositions  with  low  values  of  47tMs.  Anisotropy  suffi¬ 
cient  to  stabilize  perpendicular  domains  can  be  induced 
by  appropriate  fabrication  techniques,  and  the  induced 
anisotropy  is  relatively  insensitive  to  the  substrate.  The 
materials  are  easy  to  fabricate  by  conventional  thin  film 
methods  and  their  properties  can  be  varied  over  a  wide 
range  simply  by  varying  the  rare  earth-transition  metal 
ratio. 
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Abstract — Static  and  dynamic  properties  of  bubble  domains  are 
given  for  a  number  of  mixed  rare  earth  and  related  iron  garnets 
that  have  growth  induced  noncubic  magnetic  properties  that  are  of 
interest  and,  in  some  cases,  are  useful  for  bubble-domain  device 
applications.  Rules  for  predicting  domain  alignments  related  to 
{211}  facets,  the  various  cuts  for  obtaining  useful  platelets,  and 
compositional  controls  for  obtaining  temperature  independent 
properties  are  also  outlined. 

MAGNETICALLY  noncubic  crystals  with  low  mo¬ 
ment  (47 tMs  ~  150  G)  are  of  interest  for  bubble- 
domain  logic  and  memory  applications  [1],  [2].  Recently, 
and  somewhat  unexpectedly,  useful  growth  induced 
magnetic  properties  have  been  found  in  a  number  of 
nominally  cubic  low-moment  rare  earth  iron  garnets 
[3],  [4].  During  growth  from  the  flux,  by  slow  cooling 
from  1300  to  900°C,  some  noncubic  magnetic  anisotropy  is 
introduced  in  the  direction  of  growth,  particularly  at 
temperatures  below  1200°  C  where  solid-state  diffusion  is 
negligible.  One  may  account  for  a  growth  induced  non¬ 
cubic  magnetic  anisotropy  from  the  symmetry  properties 
of  the  crystal  structure  [5],  [6];  however,  there  is  reason  to 
believe  that  cation  ordering  [4],  and  possibly  pairing 
[5],  is  a  significant  factor.  It  is  desirable  that  the  induced 
uniaxial  anisotropy  field  be  larger  than  AwM s.  The  low  4cwMs 
values  preferred  for  bubble  applications  are  helpful  in 
this  respect. 

Structure  and  Magnetic  Order 

The  rare  earth  iron  garnets  are  ferrimagnetic  compounds 
having  the  space  group  0h(10)-la3d,  and  eight  B3Fe50i2 
formula  units  per  unit  cell.  There  are  24  tetrahedral  (tet) 
and  16  octahedral  (oct)  sites  within  the  oxygen  array  that 
accommodate  Fe  and  cations  of  comparable  size.  There 
are  also  24  dodecahedral  ( B )  sites  that  accommodate 
larger  cations  (e.g.,  Y,  R,  and  Ca  ions). 

The  magnetic  moments  of  the  cations  in  the  tet  sites 
are  aligned  together.  The  moments  of  the  cations  in  the 
oct  sites  are  also  aligned  together  but  in  opposition  to 
those  in  the  tet  sites.  In  Y3Fe60i2,  for  example,  3  Fe  ions 
align  with  the  tet  field  for  every  2  that  align  with  the 
oct  field.  Hence  there  is  a  net  moment  3  (tet)  —  2  (oct) 
corresponding  to  that  for  one  Fe  ion  per  formula  unit. 
The  moment  for  Y3Fe50i2  and  other  garnets  that  will  be 
discussed  later  are  shown  versus  temperature  in  Fig.  1 
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Fig.  1.  4ttMs  versus  temperature  for  indicated  garnets. 

[7].  Substitution  in  part  for  Fe  in  tet  sites  (e.g.,  by  cations 
such  as  Ga3+,  Si4+,  or  V5+  that  have  ionic  radii  <  0.62A) 
can  decrease  this  difference,  while  substitutions  into 
oct  sites  (e.g.,  by  cations  such  as  Zn2+  or  Cr3+  with  radii 
>  0.63-0.83A)  have  the  opposite  effect  [4],  [8]. 

Although  the  magnetic  R  ions  are  only  partially  aligned 
with  the  Fe  field  at  room  temperature  ( Tr ),  they  contribute 
to  Ms  in  such  a  way  that  Pr,  Nd,  Pm,  and  to  some  extent 
Sm  add  to,  and  those  for  Ce,  Eu,  Gd,  Tb,  Dy,  Ho,  Er, 
Tm,  and  Yb  oppose,  that  of  the  Fe  ions  in  tet  sites  (see 
[4]  for  details).  Curves  II  and  III  of  Fig.  1  show  the 
decreased  moments  obtained  when  Er  or  Eu,  respectively, 
is  incorporated  into  the  garnet  in  place  of  Y.  At  low  tem¬ 
perature  the  R  ion  component  of  Ms  can  be  larger  than  the 
Fe-ion  component  but  collapses  much  more  rapidly  with 
increasing  temperature;  e.g.,  for  Er3Fe50i2  the  dominant 
contribution  to  Ms  switches  from  the  R- ion  to  the  Fe-ion 
field  as  the  temperature  rises  past  the  compensation  tem¬ 
perature  Tx. 

Curve  IV  of  Fig.  1  shows  4tMs  versus  temperature  for 
the  mixed  garnet  Eu2EriFe60i2,  and  curve  V  shows  4tMs 
versus  temperature  for  Eu2Er1Gao.7Fe4.3O12,  where  14 
percent  of  the  Fe  was  replaced  by  Ga  to  reduce  moment. 
As  shown  for  curve  V,  the  temperature  coefficient  Tc 
of  magnetization  is  positive  just  above  Tx  and  negative 
remote  from  Tx  and,  in  general,  approaches  zero  at  Tr 
when  Tx  ~  150°K. 

The  principal  parameters  involved  in  determining  the 
working  bubble  domain  diameter  d  are  the  magnetic 
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Fig.  2.  Hcoi,  Hb-s,  and  47r  Ms  versus  temperature  for  Eu2EriGao.7 
[Fe4.3  0i2.  indicates  range  of  bubble  stability. 


TABLE  I 

A -Ion  Radius  and  Properties  of  B3Fe50i2  Garnets 


3  ion 

ra  (A) 

.  X<111> 

X<100> 

4nMg( Gauss) 

T*CK) 

(Pr) 

1.06 

(2100) 

(Nd) 

1.04 

(2100) 

Sm 

1.00 

-3.5  xlO-6 

+21.0xl0~6 

1675 

Su 

0.93 

+1.3 

+  21.0 

1172 

Gd 

0.97 

-3.1 

0 

56 

236 

Tb 

0.93 

+12.0 

-  3.3 

193 

243 

Qy 

0.92 

-5.9 

-12.5 

376 

225 

Ho 

0.91 

-4.0 

-  3.4 

332 

140 

Er 

0.3  9 

-4.9 

+  2.0 

1241 

30 

Tm 

0.37 

-5.2 

+  1.4 

1397 

Yb 

0.36 

-4.5 

+  1.4 

1555 

Lu 

0.3.5' 

-2.4 

-  1.4 

1315 

3i 

0.96 

Ca 

0.99 

exchange  constant  A,  the  uniaxial  anisotropy  Ku,  and  the 
moment  Ms  of  the  material  [9]:  d  ~  A1I2KU1I2MS~ 2. 
Assuming  A  and  Ku  vary  little  or  decrease  slowly  with 
increasing  temperature  remote  from  the  Curie  tempera¬ 
ture,  d  is  essentially  proportional  to  Ms~ 2  near  Tr  in  the 
materials  of  interest. 

Fig.  2  shows  the  magnetic  bias  field  for  bubble  domain 
collapse  HCoi  that  for  elongation  from  bubble  to  strip 
and  47tMs  for  an  Eu2Er1Gao.7Fe4.3Ox2  sample  versus 
temperature.  The  data  were  taken  using  a  50-jum-thick 
{ill}  plate.  The  4:irMs  values  for  the  material  were 
deduced  from  the  bubble  domain  data.  It  is  clear  from 
these  and  related  measurements  that  the  range  of  tem¬ 
peratures  for  which  bubble  domains  are  stable  under  an 
optimum  but  fixed  bias  field  is  related  to  the  variation  in 
Ms.  Hence  both  a  controlled  d  and  good  temperature 
stability  of  Hco  1  and  Hb^s  can  be  expected  for  a  near  zero  to 
slightly  negative  Tc.  As  can  be  inferred  from  Table  I 
(which  lists  B-ion  radius  .  (ra),  the  magnetostriction 
coefficients  X<m)  and  A<ioo>  and  47 tMs  as  ;well  as  Tx  for  the 
prototype  (. E  or  Y)3Fe50i2  garnets).  Similar  negligible 
variations  in  Ms  and  therefore  H  d  and  Hb~s  with  tem¬ 
perature  can  be  obtained  using  Gd,  Tb,  Dy,  Ho,  or  Tm 
as  one  E  ion;  the  preceding  choice  is  merely  illustrative 


(211)  FACET  (NO)  FACET 


(a)  (d) 


(b)  (e) 


Fig.  3.  Visual  definition  of  type  I- VI  cuts  yielding  useful  uniaxial 
platelets,  (a)  Type  I  [111]  easy,  (b)  Type  II  [111]  easy,  (c)  Type 
VI  [110]  easy,  (d)  Type  III  [100]  easy,  (e)  Type  IV  [110]  easy, 
(f )  Type  V  [  1 1 0]  easy. 

[7],  [8],  [10].  Suitably  small  variations  of  Ms  and  the 
related  critical  parameters  with  temperature  can  also  be 
observed  for  E-ion  free  garnets,  such  as  Ca2BiVFe40]2, 
that  have  a  high  Curie  temperature  and  low  moment 

tm. 

Domain  Properties 

Magnetic  easy  directions  in  the  flux  grown  garnets 
have  been  observed  near  (111),  (100),  and  (110)  directions 
[3],  [12].  The  crystals  grow  with  { 21l}  and/or  { 110 } 
facets  as  indicated  in  Fig.  3.  There  is  a  (111)  direction 
emergent  from  the  junction  of,  and  19°  28'  off  of  the 
normal  to,  the  three  {21 1}  faces  shown  being  sectored  in 
Fig  3(a).  The  edges  of  the  {llO}  facets  shown  in  Fig. 
3(d)  lie  along  other  (111)  directions.  In  general  whether 
(111)  aligned  domains  in  the  { 21l}  face  will  be  emergent 
(type  I)  or  lie  in  the  plane  (type  II)  of  the  mixed  E-ion 
garnets  can  be  predicted  from  the  relative  E  ion  radius 
(ra)  and  A(m)  for  the  E3Fe50i2  prototype  as  listed  in  Table 
I.  Other  things  being  equal,  a  type  I  alignment  is  obtained 
if  A<iii)  is  positive  for  the  larger  E  ion  and  negative,  or 
relatively  so,  for  the  smaller.  A  type  II  alignment  is 
obtained  when  the  \<m)  signs  are  reversed.  No  comparable 
simple  rule  has  been  found  to  predict  alignments  along 
(100)  or  (110)  directions. 

The  several  possible  directions  of  cutting  flux  grown 
garnets  to  obtain  useful  plates  are  shown  in  Fig.  3.  In 
Fig.  3(a)  cut  type  I  requires  slicing  perpendicular  to  the 
(111)  axis  which  is  nearly  normal  to  the  { 21l}  facets 
under  consideration.  In  Fig.  3(b)  cut  type  II  requires 
slicing  perpendicular  to  the  (111)  axis  contained  in  a 
{211}  facet,  and  in  Fig.  3(d)  cut  type  III  is  perpendicular 
to  the  (100)  direction  in  the  { llO}  facet.  By  symmetry, 
the  remaining  domain  alignments  are  covered  by  the 
other  cuts  illustrated. 
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TABLE  II 

Properties  of  Flux  Grown  Garnets 


Type 

Cut 

■4*Ms 

(T0)m 

arc) 

h 

(Mm) 

H  7 

col 

(Oe) 

(V'h 

(%/°c) 

d  1 
col 

(Mm) 

*1 

(Mm) 

0 

w 

K 

u 

M 

SI 

Er2TOlA1l.lFe3.9° is 

I 

136 

-1.8 

17.0 

82 

-3.4 

7.0 

4.0 

0.19 

4 

2.2X10 

55 

S2 

II 

137 

+3.2 

15.0 

75 

+7 

7-5 

4.8 

0.23 

4 

3.3x10 

120 

■  S3 

Ga.95Tb.75Er1.3A1.5Fe4.5°12 

I 

181 

+1.2 

11.5 

i4o 

+2.5 

3.0 

1.1 

O.O83 

4.4xio3 

60 

S4a  BUgE^Ga^Fe^^O^ 

I 

247 

+0.1 

18.0 

182 

~o 

5.0 

2.0 

0.31 

6.2x10^ 

165 

S4b  EUgEr-jGa . . 012 

III 

196 

17.1 

145 

~o 

5.5 

2.3 

0.22 

3.0X104 

200 

S5 

Y2M1A1.8E\.2°12 

II 

328 

+O.38 

13.3 

262 

+1.6 

2.5 

0.66 

0.18 

4 

2.0x10 

180 

S  6 

Yl.8Eu.2Ga.5Tb.5A1.6Fe4.40i2 

III 

450 

0 

19.0 

370 

-0 

3.0 

0.70 

O.36 

4 

7.9x10 

186 

ST 

Bu1.5ad1.5ftl.5FeU.5018 

I 

219 

+0.9 

16.0 

160 

+2 

6.0 

5.6 

0.29 

4 

5.1x10 

180 

*X 

- 

55 

-0.18 

25.0 

10 

~0 

20.0 

15.0 

0.13 

4 

1 .0x10 

1100 

Y 

Pr1Gd2Ga.5Fe4.5012 

Ill 

152 

-2.0 

18.0 

97 

-3.7 

8.0 

4.7 

0.27 

4.6xio^ 

425 

4rtMs  =  moment  in  Gauss 

(T  )  =  Am  /(M  At)  near  RT 

v  crm  s'  v  s  ' 

h  =  platelet  thickness 
Hcq^  =  domain  collapse  field 

(Tc}h  -  tocol/(HcolAT>  near  RT 

d  ..  =  domain  diameter  at  H  , 
col  col 


material  length  nl  =  a w/4Mg 

i  A  2 

=  4a2k/  erg  /cm  (wall  energy) 

K  =  magnetic  anisotropy  in  erg  /cm^ 
u  based  on  A=1.0X10~7  erg  /cm. 

M  =  mobility  in  cm/s/oe 

*  =  values  refer  to  [l3j. 


The  results  of  measurements  of  the  domain  properties 
of  a  number  of  useful  and/or  interesting  garnets  are  listed 
in  Table  II.  Material  lengths  and  related  values  were 
calculated  using  the  relations  of  Thiele  [9].  Corresponding 
values  of  mobility  ji  were  obtained  using  the  collapse 
technique  in  [1]  and  [2].  To  estimate  Ku  from  <rw,  the 
exchange  constant  was  assumed  to  be  (A  =  1.0  X  10  ~7 
erg/cm);  however,  this  value  can  be  expected  to  depend 
upon  the  extent  of  dilution  of  the  Fe  sites  with  A1  or  Ga. 
The  compositions  indicated  are  those  for  the  starting 
crystal  components.  However,  analyses  show  that  while 
there  is  some  variability  in  composition  during  growth, 
that  of  the  outer  region  of  the  crystals  selected  for  study 
was  nearly  the  same  as  the  starting  composition  in  each 
case. 

The  reasons  for  selecting  the  several  garnets  with 
magnetic  superstructures  S listed  in  Table  II  follow: 

51  minimize  A<m),  with  A1  substitutions  to  lower 
47 tMs) 

52  minimize  A(m)  and  increase  compositional  uni¬ 
formity  by  using  neighboring  rare  earths; 

53  a  mixture  of  Si  and  S2; 

5 4  minimize  A(m)  and  Tc  and  lower  4ltMs  without 
using  Tb  which  interacts  strongly  with  the 
crystal  field  producing  damping  [4]; 

55  minimize  Tc  and  lower  ^ttMs  without  using  R 
ions  having  an  orbital  angular  momentum  (L  = 
0); 

$5'  similar  to  S5  but  with  cobalt  added  to  reduce 
magnetocrystalline  anisotropy  (Ki)  to  change 
the  ratio  (Ku/Ki); 


$6  minimize  A<m),  A(ioo>,  and  Tc  and  lower  47 tMs; 

S7  minimize  A(m)  and  Tc  and  lower  47tMs  using 
neighboring  R  ions  with  nearly  complete  or 
complete  /-electron  subshells  to  minimize  inter¬ 
action  with  the  crystal  field ; 

S7'  same  as  S7 ,  but  a  different  cut; 

X  low  47 tMs  with  high  Curie  temperature  and  no  R 
ions  [13]; 

Y  comparison  to  X. 


It  is  evident  from  Table  II  and  Fig.  2  that  it  is  feasible 
to  obtain  properties  that  are  compatible  with  practical 
megacycle  data  rate  devices.  Materials  with  d  —  3-5  pm, 
fi  =  200  seem  to  be  most  useful. 
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Single  crystals  of  Gd3Ga5012,  Nd3Ga5Oi2  and  other  rare  earth  gallium  garnets  have  been  grown  by  the 
Czochralski  technique  using  iridium  crucibles  as  the  container.  It  has  been  found  that  the  optimum  growth 
rate  for  these  materials  is  about  6  mm/hr  with  a  rotation  rate  of  45  RPM.  The  rotation  rate  has  a  marked 
influence  on  the  crystal  quality.  The  high  rotation  rate  is  necessary  to  eliminate  the  “core”  due  to  the  for¬ 
mation  of  the  (211)  facets  on  the  growth  interface.  In  addition  to  the  pure  rare  earth  gallium  garnets,  solid 
solution  single  crystals  of  Gd3Ga5Oi2-Dy3Ga5Oi2,  Sm3Ga5Oi2-Nd3Ga5Oi2  and  Sm3Ga5Oi2-Gd3Ga5Oi2 
have  been  grown.  In  all  cases,  the  distribution  coefficient  for  the  solid  solutions  is  close  to  one,  so  that  only 
very  small  lattice  parameter  variations  were  observed  in  the  crystal.  Constitutional  supercooling  during 
growth  was  a  serious  problem  in  all  solid  solutions  considered,  but  adjustment  of  the  crystal  growth  rate  has 
resulted  in  considerable  improvement  of  the  solid  solution  single  crystals. 


1.  Introduction 

The  use  of  Gd3Ga5012  as  a  substrate  material  for 
YIG  has  been  reported  by  several  authors1,2).  With 
the  discovery  of  a  uniaxial  anisotrophy  in  the  rare 
earth  iron  garnets  by  Bobeck  et  al.3)  the  need  for  thin 
films  (6  pm  to  10  pm)  of  these  materials  indicated  that 
either  liquid  phase  epitaxy  or  chemical  vapor  deposi¬ 
tion  would  be  the  most  suitable.  Geller  et  al.4)  have 
found  that  to  obtain  good  YIG  films,  the  lattice  con¬ 
stant  of  the  substrate  must  match  that  of  the  film.  When 
one  considers  the  range  of  lattice  constants  of  the  rare 
earth  iron  garnets  used  for  bubble  domain  devices, 
the  lattice  parameters  of  the  rare  earth  gallium  garnets 
cover  approximately  the  same  range  and  therefore 
should  be  suitable  substrates.  In  addition  to  the  lattice 
parameter  match,  the  rare  earth  gallium  garnets  are 
congruent  melting  compounds  and  thus  their  growth 
would  be  suitable  for  the  Czochralski  crystal  growth 
technique. 

2.  Experimental 

2.1.  Furnace 

The  furnace  used  was  constructed  of  38.1  mm 
ID  x  51  mm  OD  stabilized  Zr02  tubing  with  an  outer 
wall  of  fused  silica.  Granular  Zr02  obtained  from 
Zircoa  was  used  as  additional  insulation  between  the 


Zr02  tube  and  silica  wall.  A  cylindrical  vycor  tube  was 
then  placed  around  the  furnace  and  sealed  at  the 
bottom  to  provide  atmosphere  control  (fig.  1).  The  gas 
was  admitted  into  the  system  through  the  stainless 
steel  base  plate.  The  top  of  the  system  was  then  closed 
with  a  pyrex  plate  having  a  9  mm  diameter  hole  for 
the  seed  rod.  Gas  flows  of  approximately  1500  ml/min 
were  used  in  all  runs.  An  RF  heated  iridium  crucible 
was  used  to  contain  the  melt  and  had  the  external 
dimensions  of  3.5  cm  diameter  by  3.5  cm  high. 

2.2.  Starting  material 

The  gallium  oxide  used  for  the  starting  material  was 
obtained  from  Alusuisse  Metals  and  had  a  purity 
rating  of  99.99%.  The  rare  earth  oxides  used  were 
obtained  from  Research  Chemicals  and  also  had  puri¬ 
ties  of  99.99%.  Spectrographic  analysis  of  both  the 
gallium  oxide  and  the  rare  earth  oxide  showed  the 
major  impurity  to  be  calcium  with  the  concentration 
to  be  35  to  60  ppm.  All  other  impurities  were  less  than 
10  ppm.  These  include  silicon,  iron,  copper  and  magne¬ 
sium.  Spectrographic  analysis  of  the  pulled  crystals 
showed  about  an  order  of  magnitude  decrease  in  the 
calcium  concentration.  All  rare  earth  sesquioxides  were 
fired  at  1 100  °C  for  at  least  six  hours  prior  to  their  use 
to  insure  complete  conversion  of  any  carbonate  to  the 
sesquioxide  and  removal  of  any  water.  Firing  of  the 
gallium  oxide  at  750  °C  resulted  in  no  appreciable 
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weight  loss.  A  typical  charge  for  each  run  consisted  of 
a  total  of  125  g  of  the  unreacted  oxides  mixed  in  the 
correct  3 : 5  mole  ratio.  A  flowing  nitrogen  atmosphere 
which  had  been  previously  dried  to  remove  water  vapor 
was  used  for  both  charging  and  growth.  Crystals 
grown  from  this  size  charge  were  typically  1.2  to  1.6  cm 
in  diameter,  approximately  5  cm  in  length  and  weighed 
from  50  to  70  g. 

2.3.  Growth  conditions 

When  one  considers  the  series  of  rare  earth  aluminum 
garnets  and  rare  earth  gallium  garnets,  it  can  be  seen 
that  as  the  radius  ratio  of  the  rare  earth  ion  to  the 
aluminum  or  gallium  ion  increases,  the  garnet  structure 
becomes  less  stable.  This  fact  is  reflected  in  the  melting 
points  of  the  various  rare  earth  gallium  garnets  shown 
in  fig.  2.  Neodymium  gallium  garnet  has  a  melting 
point  of  1515  ±  10°C  while  erbium  gallium  garnet  has 
a  melting  point  of  1765  ±  10  °C.  All  melting  points 
were  read  with  an  optical  pyrometer  from  melts  which 
contained  an  excess  of  1  %  or  less  gallium  sesquioxide. 
The  melting  point  was  determined  by  adjusting  the 


temperature  of  the  liquid  so  that  a  small  disc  (about  2 
mm  in  diameter)  would  form  at  the  thermal  center  ol 
the  liquid.  The  temperature  of  both  the  solid  and  liquid 
at  the  solid-liquid  interface  was  then  read  with  the 
optical  pyrometer.  These  two  temperatures  were  usually 
within  10  °C  of  each  other.  The  solid  disc  was  then 
melted  and  the  above  procedure  repeated.  The  solid 
and  liquid  temperatures  were  usually  reproduced  with¬ 
in  5  °C  of  the  previous  readings.  The  temperatures 
shown  in  fig.  2  are  the  arithmetic  average  of  three  such 
readings. 

The  conditions  which  gave  crystals  of  low  defect 
density  were  a  growth  rate  of  about  6  mm/hr,  crystal 
rotation  of  45  RPM  and  a  neutral  (N2)  atmosphere. 
The  growth  conditions  used  for  the  individual  rare 
earth  gallium  garnets  are  listed  in  table  1  as  well  as  the 
growth  conditions  for  the  various  solid  solutions.  The 
only  significant  difference  between  the  growth  con¬ 
ditions  for  the  solid  solutions  is  the  growth  rate. 

In  all  cases,  except  Tb3Ga5012,  Dy3Ga5012  and  the 
Gd3Ga5012-Dy3Ga5012  solid  solutions,  a  Gd3Ga5012 
seed  was  used.  The  orientation  was  either  <111)  or 
<311)  with  the  majority  of  crystals  being  grown  in  the 
<111)  direction.  For  the  exceptions  noted  above, 
<111)  seeds  of  Dy3Ga5012  were  used. 


Fig.  2.  Melting  points  versus  atomic  number  for  rare  earth 
gallium  garnets. 
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Table  1 

Growth  conditions  for  rare  earth  gallium  garnets 


Material 

Growth  rate 
(mm/hr) 

Rotation  rate 
(RPM) 

Nd3Ga5Oi2 

5.6 

40 

SirisGasOj  2 

6.1 

45 

Gd3Ga5012 

6.8 

50 

Tb3Ga5012 

7.1 

50 

Dy3Ga5Oi2 

7.6 

50 

Nd3Ga30 1 2~ Sm3Ga50j  2 

1.8 

40 

Sm3Ga5012-Gd3Ga501 2 

2.5 

45 

Gd3Ga5012-Dy3Ga50i2 

3.3 

50 

Nd3Ga50i2-Gd3Ga50  j  2 

0.76 

45 

3.  Results 

3.1.  Stoichiometry 

In  early  growth  attempts,  the  oxides  for  the  charge 
were  mixed  in  a  3 : 5  mole  ratio.  It  was  found  extremely 
difficult  to  maintain  the  proper  growth  conditions  for 
periods  of  greater  than  3  or  4  hr.  Linares5)  has  sug¬ 
gested  that  the  gallium  suboxide  formed  in  the  melt 
vaporizes  and  therefore  changes  the  stoichiometry  of 
the  initial  charge  which  results  in  lowering  the  melting 
point. 

To  compensate  for  gallium  loss,  an  excess  of  gallium 
sesquioxide  was  added  to  the  melt.  We  have  found  that 
the  addition  of  an  excess  of  1  wt  %  or  more  of  gallium 
sesquioxide  to  the  melt  allows  the  crystals  to  be  pulled 
in  a  neutral  atmosphere  for  extended  periods  of  time 
with  no  difficulties  as  compared  with  the  growth  of 
crystals  from  stoichiometric  melts.  The  use  of  a  neutral 
atmosphere  also  decreases  the  possibility  of  iridium 
contamination  due  to  oxidation.  An  additional  benefit 
derived  by  the  addition  of  excess  gallium  sesquioxide 
to  the  melt  was  the  reduction  of  gallium  sesquioxide 
losses  due  to  volatilization.  For  a  melt  containing  2% 
excess  gallium  sesquioxide,  weight  losses  of  2%  to  3% 
were  observed  over  a  12  hr  period.  For  a  stoichiometric 
melt  under  the  identical  conditions,  weight  losses  of 
5  %  to  6  %  were  observed.  Such  results  would  indicate 
that  the  congruent  melting  composition  is  not  necessari¬ 
ly  stoichiometric.  Similar  results  have  been  found  in  the 
LiNb03  system6). 

In  several  growth  attempts,  the  rare  earth  oxide  was 
not  dried  properly,  i.e.,  it  still  contained  some  moisture. 
In  every  case,  difficulty  in  diameter  control  and  the 
resulting  shape  was  experienced  during  growth  in 
addition  to  an  excess  of  iridium  in  the  crystal.  These 


difficulties  could  have  been  the  result  of  improper  melt 
stoichiometry  or  the  formation  of  an  excess  of  gallium 
suboxide  in  the  melt  due  to  the  presence  of  the  water. 

3.2.  Crystal  imperfections 

As  implied  above,  the  composition  of  the  surround¬ 
ing  atmosphere  has  a  marked  effect  on  the  quality  of 
the  final  crystal.  The  major  type  of  foreign  inclusions 
in  the  crystals  was  in  the  form  of  small  (6  pm)  tri¬ 
angular  or  pseudohexagonal  platelets  of  iridium.  The 
elimination  of  this  type  of  defect  was  partially  accom¬ 
plished  by  using  an  oxygen  free  atmosphere  and  drying 
the  nitrogen  gas  prior  to  its  use  in  the  growth  chamber. 
Particular  attention  must  be  paid  to  preparation  of  the 
crucible  prior  to  its  use.  After  initial  cleaning  to  remove 
previous  melts,  the  crucibles  were  first  placed  in  boiling 
hydrochloric  acid  for  3  hr,  rinsed  in  water  and  then 
heated  to  1800  °C  in  a  nitrogen  atmosphere  for  15  min. 
This  procedure  removed  any  small  iridium  particles 
from  the  crucible  walls  which  had  been  formed  in  the 
initial  cleaning  steps  and  resulted  in  a  significant 
decrease  in  the  number  of  iridium  inclusions  found  in 
the  crystals. 

A  second  type  of  defect  found  in  the  crystals  was 
large  areas  of  high  strain  associated  with  the  formation 
of  the  (211)  facets  on  the  growth  interface.  Elimination 
of  the  facets  on  the  growth  interface  and  therefore  the 
associated  strain  was  accomplished  by  increasing  the 
rotation  rate  from  20  RPM  to  about  45  RPM.  Fig.  3 
shows  (111)  slices  from  crystals  which  were  grown  with 
a  slow  and  fast  rotation  rate.  Cockayne  et  al.7)  have 
reported  similar  results  for  Y3Al5Oj2. 

A  third  type  of  defect  found  in  all  of  the  crystals  was 
a  precipitate  usually  about  one  micron  or  less  in  diam¬ 
eter.  These  were  distributed  uniformly  throughout 
the  cross-section  of  the  boule  with  the  precipitate 
density  decreasing  from  the  top  of  the  boule  to  bottom. 
Also,  the  size  of  the  precipitate /particles  usually  in¬ 
creased  to  between  two  and  three  microns.  The  precip¬ 
itate  has  been  eliminated  from  the  crystals  by  proper 
adjustment  of  melt  composition  and  growth  atmos¬ 
phere.  The  relationship  between  the  formation  of  the 
precipitate  and  the  growth  conditions  will  be  discussed 
in  a  later  paper. 

3.3  Solid  solutions 

Because  of  the  importance  of  proper  lattice  para- 
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Fig.  3.  Strain  associated  with  (211)  facetting  on  growth  inter¬ 
face.  (a)  20  RPM,  (b)  45  RPM. 

meter  match  between  the  substrate  and  the  film8),  it 
was  necessary  to  make  “fine  adjustments”  on  the  lattice 
parameters  of  the  various  rare  earth  gallium  garnets. 
This  was  accomplished  by  growing  solid  solutions  of 
various  rare  earth  gallium  garnets.  The  solid  solutions 
grown  are  also  listed  in  table  1  along  with  the  growth 
conditions. 

The  rare  earth  gallium  garnets  from  a  continuous 
series  of  solid  solutions  with  the  liquidus-solidus  lines 
of  the  phase  diagram  being  very  close  together.  The 
only  major  difficulty  encountered  in  the  growth  of 
these  solid  solutions  is  constitutional  supercooling; 
however,  by  decreasing  the  growth  rate,  this  too  can  be 
avoided. 


The  degree  of  constitutional  supercooling  experi¬ 
enced  in  each  system  is  a  function  of  the  difference  in  the 
melting  points  of  the  individual  component  garnets. 
For  example,  in  the  Nd3Ga5012-Gd3Ga5012  system, 
the  melting  points  differ  by  approximately  180  °C 
and  therefore  very  slow  growth  rates,  0.76  mm/hr 
or  less,  were  necessary  to  obtain  good  quality  single 
crystals.  In  the  Dy3Ga5012-Gd3Ga5012  system  the 
melting  point  difference  is  only  38  °C  and  therefore 
growth  rate  of  3.3  mm/hr  can  used  without  any  decrease 
in  crystal  quality  due  to  constitutional  supercooling 
at  the  growth  interface.  For  such  systems  as  Gd3Ga5 
Oi2~Tb3Ga5012andHo3Ga5012-Er3Ga5012onewould 
predict  that  even  faster  growth  rates  (approximately 
5  mm/hr)  could  be  used  due  to  the  small  melting  point 
difference.  To  test  this  hypothesis,  a  50  mole% 
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Fig.  4.  Melting  point  difference  versus  pull  rate  for  garnet  solid 
solutions. 
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Ho3Ga3012  and  50  mole%  Er3Ga5012  solid  solution 
was  prepared.  This  system  was  selected  because  the 
difference  in  the  component  melting  points  is  only 
13  °C.  A  pull  rate  of  4.5  mm/hr  was  selected  for  the 
Ho-Er  system.  The  resulting  crystal  showed  no  signs 
of  constitutional  supercooling  which  would  indicate 
that  as  the  melting  point  difference  for  a  solid  solution 
approaches  zero,  the  maximum  permissible  pull  rate 
approaches  that  of  the  individual  members.  The  maxi¬ 
mum  permissible  pull  rates  for  the  various  solid  solu¬ 
tions  are  shown  in  fig.  4.  It  should  be  pointed  out  that 
at  the  pull  rates  shown  in  fig.  4,  there  was  no  evi¬ 
dence  of  constitutional  supercooling  on  a  macroscopic 
scale  as  evidenced  by  voids  and  bubbles.  However,  if 
one  examines  the  crystals  on  a  microscopic  scale, 
evidence  for  constitutional  supercooling  might  be 
found  as  irregular  growth  striae  in  the  crystal.  In  this 
case,  the  degree  of  constitutional  supercooling  would 
be  several  orders  of  magnitude  less  than  in  the  first 
case. 

Table  2 

Distribution  coefficients  for  rare  earth  gallium  garnet  solid 

solutions 

Solid  solution  (a-b)  Composition  Aa  Ab(exp)  Arb(cal) 


(mole  °o) 

Gd3Ga5012-Sm3Ga501 2 

15  Gd 

1,21 

0.96 

0.96 

25  Gd 

1.20 

0.93 

0.93 

50  Gd 

1.10 

0.90 

0.90 

75  Gd 

1.08 

0.76 

0.76 

90  Gd 

1.04 

0.66 

0.64 

Sm3Ga5Oi  2— NcLGasO*  2 

25  Sm 

1.25 

0.92 

0.91 

50  Sm 

1.13 

0.88 

0.87 

75  Sm 

1.08 

0.76 

0.76 

Dy3Ga50i2-Gd3Ga5012 

25  Dy 

1.00  + 

0.99  + 

— 

50  Dy 

1.00  + 

0.99  + 

— 

75  Dy 

1.00  + 

0.99  + 

— 

For  any  given  solid  solution  series,  three  intermediate 
compositions  were  grown.  These  were  25  mole%, 
50  mole%,  and  75  mole%.  Each  boule- weighed  ap¬ 
proximately  50  g;  i.e.,  about  40%  of  the  liquid  was 
pulled  from  the  crucible.  A  small  slice  was  then  cut 
from  both  the  top  and  bottom  sections  of  the  boule 
for  lattice  parameter  determinations.  Assuming  Ve- 
gard’s  Law  applies  and  knowing  the  change  in  the 
lattice  constants  through  the  length  of  the  boule,  one 
can  obtain  approximate  changes  in  composition  and 
therefore  the  distribution  coefficient,  k  for  each  given 


solid  solution  series.  Table  2  lists  the  distribution 
coefficients  for  the  intermediate  composition  in  each 
solid  solution  series.  For  the  Dy3Ga5012-Gd3Ga5012 
solid  solutions,  all  boules  showed  a  small  change  in 
the  lattice  parameters  from  top  to  bottom;  however, 
the  change  was  too  small  to  permit  the  accurate  calcula¬ 
tion  of  distribution  coefficients. 

An  additional  check  of  the  experimental  values  of 
the  distribution  coefficients  (ka)  can  be  obtained  from 
the  relation 

where  A m  is  the  initial  melt  composition.  The  calculated 
values  for  kb  using  the  above  relation  and  the  experi¬ 
mental  ka  values  are  also  listed  in  table  2  and  agree 
very  closely  with  the  experimental  kb  values.  Using 
the  information  given  in  table  2  for  the  Gd3Ga5012- 
Sm3Ga5012  system  the  distribution  coefficient  for 
Sm3Ga5012  in  Gd3Ga5012  at  infinite  dilution  (k^) 
can  be  obtained  by  extrapolation  and  is  0.55  while  for 
Gd3Ga5012  in  Sm3Ga5012,  the  value  for  k a  is  1.28. 

From  the  distribution  coefficients  listed  for  the 
Dy3Ga5012-Gd3Ga5012  system  in  table  2,  one  would 
predict  similar  results  for  such  systems  as  Gd3Ga5012- 
Tb3Ga5012,Tb3Ga5012-Dy3Ga5012,  and  others  which 
contain  adjacent  rare  earth  ions;  i.e.,  one  should  see 
little,  if  any,  compositional  variation  through  the 
length  of  the  crystal. 

4.  Conclusions 

It  has  been  shown  that  single  crystals  of  many  of  the 
rare-earth  gallium  garnets  and  their  solid  solutions  can 
be  grown  by  the  Czochralski  technique.  Crystal  imper¬ 
fections  such  as  strain,  second  phase  precipitates  and 
voids  due  to  constitutional  supercooling  have  been 
eliminated  by  proper  adjustment  of  the  growth  con¬ 
ditions  resulting  in  crystals  of  high  .internal  perfection. 
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THE  GROWTH  OF  MAGNETIC  GARNETS  BY  LIQUID  PHASE  EPITAXY 

S.  L.  BLANK  and  J.  W.  NIELSEN 

Bell  Laboratories ,  Murray  Hill ,  New  Jersey  07974 ,  U.S.A. 


Phase  relationships  in  the  Pb0-B203-garnet  systems  and  their  relationship  to  high  quality  -  low  defect 
epitaxial  films  are  discussed.  The  effects  of  growth  temperature,  lattice  mismatch  and  growth  rate  on  the 
magnetic  properties  of  multiple-doped  rare  earth  iron  garnets  are  shown.  Properties  of  iron  garnets  con¬ 
taining  rare  earths,  such  as  Yb,  Eu,  Er,  Y  and  Gd  will  be  discussed  along  with  magnetic  data  to  indicate 
the  effects  of  ionic  size  and  stress  on  magnetic  uniaxial  anisotropy.  Liquid  phase  epitaxy  utilizing  super¬ 
cooled  melts  will  be  discussed  in  terms  of  two  unique  properties  of  garnets:  their  tendency  to  grow  free  of 
dislocations  and  their  resistance  to  spontaneous  nucleation  from  supercooled  flux  solutions. 


1.  Introduction 

Since  the  discovery  of  growth  induced  uniaxial  mag¬ 
netic  anisotropy  in  rare  earth  iron  garnets1,2),  the 
garnet  system  has  dominated  the  search  for  bubble 
domain  materials.  Early  work  was  done  on  bulk  crys¬ 
tals  grown  from  a  flux3-5),  but  difficulties  in  processing 
and  handling  of  platelets  of  single  crystals  ranging  in 
thickness  from  4  to  20  pm  has  prompted  studies  of 
epitaxial  techniques.  It  is  the  purpose  of  this  paper  to 
describe  the  technique  of  dipping  from  supersaturated 
solutions6),  which  has  been  most  successful  to  date  in 
providing  large  area  films  for  bubble  domain  devices. 
The  advantages  of  the  technique  both  as  a  tool  for 
quickly  modifying  compositions  and  for  providing 
nearly  defect  free  films  in  a  minimum  time  will  also  be 
discussed. 

Bubble  domain  garnet  materials  are  multicomponent, 
e.g.,  Er2EuFe4.3Gao.2Oi2.  The  complexity  is  necessary 
in  order  to  yield  the  required  saturation  magnetization, 
mobility,  anisotropy,  coercivity  and  temperature  sta¬ 
bility  of  the  material.  Dipping  provides  a  relatively 
simple  experimental  technique  for  preparing  these  mul¬ 
ticomponent  films. 

2.  Experimental 

Fig.  1  shows  a  cross-section  of  the  apparatus  used 
for  LPE  growth  of  magnetic  garnets  utilizing  the  dip¬ 
ping  technique.  The  furnace  is  wound  with  Pt-40%  Rh 
wire  on  a  high  temperature  impervious  A1203  tube 
7.14  cm  OD  x  6.35  cm  ID.  Inside  the  muffle  tube  is 


placed  a  sectioned  inner  A1203  tube  to  protect  the  core 
from  PbO  vapor,  to  support  the  Zr02  disc  used  as  a 
crucible  support,  and  to  support  the  Zr02  disc  and  the 
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platinum  reflector  above  the  crucible.  The  required 
temperature  profile  is  achieved  by  positioning  both  the 
crucible  with  respect  to  the  furnace  and  the  upper  re¬ 
flector  with  respect  to  the  crucible  such  that  a  6  inch 
constant  temperature  zone  is  achieved.  The  crucibles 
are  fabricated  from  1.27  mm  c.p.  grade  platinum  sheet 
and  are  cylindrical  with  a  diameter  of  3.8  cm  and  a 
height  of  5  cm.  The  crucible  volume  is  ~ 70-90  cm3. 
After  weighing  the  appropriate  quantities  of  Ln203, 
Fe203,  Ga203,  PbO  and  B203  as  discussed  in  the  next 
section,  the  oxides  are  heated  at  1200-1250  °C  for  a 
minimum  of  16  hr  in  a  sealed  Pt  crucible  to  achieve 
complete  melt  homogeneity.  The*  melt  is  then  pouied 
into  the  crucible  used  during  the  actual  growth  experi¬ 
ments.  Pouring  of  the  melt  not  only  assures  melt  uni¬ 
formity,  but  the  quenching  results  in  very  small  garnet 
crystallites  making  re-heating  and  re-solution  rapid  and 
quantitative.  A  platinum  reflector  is  also  placed  on  top 
of  the  crucible  to  achieve  a  low  thermal  gradient  above 
the  melt. 

The  garnet-flux  solution  is  heated  to  —  1 100  °C  in 
the  growth  furnace  and  the  melt  actively  stirred  to 
obtain  melt  homogeneity  and  to  assure  complete  re¬ 
solution  of  the  garnet  phase.  When  uniformity  is 
achieved  the  melt  temperature  is  then  lowered  to  slight¬ 
ly  above  the  saturation  temperature,  Tsat.  Tsat  is  experi¬ 
mentally  determined  to  an  accuracy  of  ±0.5  °C  by  re¬ 
peatedly  dipping  substrates  into  the  melt  above  and 
below  Tsat7).  The  substrate  is  then  equilibrated  above 
the  melt  to  assure  that  the  substrate  is  at  the  melt  tem¬ 
perature  prior  to  dipping.  The  substrate  is  lowered  into 
the  melt  and  rotated  from  0-200  rpm  for  times  ranging 
from  3-20  min.  The  growth  rate  of  the  epi  film  is 
found  to  vary  by  a  factor  of  ~4  over  the  0-200  rpm 
rotation  range.  After  growth  the  substrate  is  withdrawn 
from  the  melt  and  slowly  brought  to  room  temperature. 
The  flux  is  found  to  drain  from  the  substrate  upon  re¬ 
moval  from  the  melt. 

3.  Phase  relationships 

An  aluminum  or  gallium  substituted  rare  earth  iron 
garnet  suitable  for  bubble  domain  devices  dissolved  in 
a  Pb0-B203  solvent  is  in  fact  a  seven  component  sys¬ 
tem.  Fig.  2  shows  the  general  features  observed  in  the 
pseudo-ternary  Pb0-Y203-Fe2038).  Similar  diagrams 
can  be  drawn  for  Ln203  and  depending  upon  where  in 
the  ternary  the  overall  composition  lies,  one  of  four 


primary  phases,  hematite  (Fe203),  magnetoplumbite 
(PbFe12019),  garnet  (Ln3Fe5012)  or  orthoferrite 
(LnFe03)  will  crystallize.  It  has  been  found  convenient 
to  think  of  the  complex  garnet  growth  system  as  a 
pseudo-ternary:  flux-ILn203-IFe203,  Ga2Q3. 


PbO 


Fig.  2.  General  features  of  the  pseudo-ternary  Pb0-Y203- 
FC2O3. 


It  is  found  experimentally  that  the  following  molar 
ratios  are  important  in  determining  the  primary  phase 
fields  and  the  magnetic  properties  of  the  garnet  phase 


F  e  2  O  3 
ILn203 


0) 


Fe203  Fe203 

- or - 

Ga203  A1203 

PbO 


(2) 

(3) 


lLn203 +  Fe203 +  Ga203  _  ^ 

ILn203  +  Fe203  ■+  Ga203  +  B203  +  PbO  4 ’  ( 

In  order  to  assure  that  the  primary  phase  field  will  be 
the  garnet  phase,  the  ratio  Rt  should  be  between  12:1 
and  17:1,  on  a  molar  basis,  in  meits  yielding  most 
garnets  of  use  in  devices.  Ratios  less  than  12:1  show 
orthoferrite  precipitation  upon  lowering  from  the  equi¬ 
libration  temperature  to  convenient  garnet  growth  tem¬ 
peratures.  This  indicates  that  when  the  orthoferrite 
phase  exists  the  phase  field  lies  above  the  garnet  field. 
Melts  with  the  ratio  Rx  up  to  29:1  have  been  prepared 
with  no  evidence  of  magnetoplumbite  or  of  hematite. 
Such  high  ratios  reduce  the  yield  of  garnet,  however, 
since  the  rare  earth  content  of  the  melt  is  reduced. 

To  show  the  simplification  afforded  by  the  above 
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ratios,  results  from  the  system  Er203-Eu203-Fe203T 
Ga203-Pb0-B203  will  be  discussed  in  some  detail, 
and  unless  a  different  composition  is  given  explicitly 
the  garnet  phase  discussed  will  be  Er2EuFe4 .  3Ga0 ,101 2. 
The  substrates  used  were  Gd3Ga5012  (GGG)  unless 
another  composition  is  specified. 

The  following  ratios  have  been  found  to  yield  high 
quality  garnet  films  of  the  above  composition :  Rl  =  14, 
R2  =  16,  and  R3  =  15.6.  The  ratio,  R5 ,  Er203/Eu203 
may  range  from  1.7  to  3.  Using  these  ratios  and 
R5  =  1 .78,  if  now  R4  is  varied  it  is  seen  that  the  system 
behaves  almost  as  a  binary.  Part  of  the  pseudo-binary 
is  plotted  in  fig.  3.  One  observes  that  Tsat  decreases 
from  -  1000  °C  at  9.7  mole%  to  780  °C  for  4.9  mole% 
garnet  oxides.  The  primary  phase  depositing  on 
Gd3Ga5012  substrates  in  this  region  is  ~Euj.2Erj.8- 
Fe4.3Gao.7Oj2.  A  pseudo-eutectic  occurs  at  ~4.9 
mole%  garnet  oxides,  below  which  one  observes  the 
primary  phase  PbO. 

The  curve  shown  in  fig.  3,  has  been  found  to  be  an 
excellent  guide  for  the  preparation  of  other  garnet  films. 


Saturation  temperatures  for  some  other  garnets  are 
very  close  to  those  on  the  curve  and  are  also  shown  in 
fig.  3.  The  ratios  Rx  and  R2  have  not  been  kept  constant. 

Fig.  3  shows  the  effect  on  7sat  of  varying  the  ratio’s 
/?j  and  R4.  The  effect  of  changing  these  ratio’s  are 

AT 

— ^  =  -12.44  °C/unit 

AjRj 

and 

AT 

AP  -;fti  -  +45.3  °C/mole% . 

AR4XIO 

Fig.  4  shows  the  effect  of  changing  R3  on  the  satura¬ 
tion  temperature  of  two  melts  from  which  Y3Fe4.2- 
Ga0  8012  and  EuEr2Fe4 .3Ga0.7O12  epitaxial  films  were 
grown.  The  symbol  R4  in  the  legend  refers  to  the 
average  R4  of  the  melt  as  B203  was  added.  The  average 
change  of  rsat  per  unit  change  in  R3  is  ~  +  8.49  °C. 
It  should  be  noted  that  even  though  the  melt  composi¬ 
tions  are  quite  different  the  effect  of  changing  R3  is 
remarkably  similar. 


Fig.  3.  Portion  of  pseudo-binary  Pb0:B203-garnet  oxides. 
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The  distribution  coefficients  of  A1203  and  Ga203 
were  determined  from  Curie  point  data  taken  on 
Yi ^Gdj  6Al0.86iFe4  139012  and  Y3Ga0. 875^4.125012 
films  grown  on  <1 1 1>  Gd ^asC^  2  substrates.  The  dis¬ 
tribution  coefficient9),  k ,  for  A1203  defined  as 


was  determined  at  935  °C  and  was  found  to  be  2.87  for 
a  melt  composition  where  Rx  =  14,  R2  =  16.9,  R3  = 
15.67,  R4  =  0.091.  The  distribution  coefficient  of 
Ga203  in  YIG  was  determined  as  a  function  of  growth 
temperature  for  a  melt  composition  where  Rx  =  14, 
R2  =  13.1,  and  R3  =  15.6.  The  results  are  shown  in 
table  1  along  with  the  film  compositions  calculated 
using  the  Curie  point  and  lattice  parameter  data. 

The  distribution  coefficient  of  Ga203  in  Ga:YIG 
was  found  to  be  1.88  at  825  °C,  in  a  melt  composition 
where  7?!  =  14 ,R2  =  \3A,R3  =  9.36,  and  R4  =  0.0678. 
The  distribution  coefficient  of  Ga203  is  remarkably 
independent  of  the  garnet  composition.  The  kGa  deter¬ 


Table  1 

Distribution  coefficient  of  Ga203  as  a  function  of  temperature 


Temperature 

Curie 

Film 

^Ga 

of  growth 

temperature 

composition 

CC) 

(  K) 

1077 

457 

Y  3Ga0.s00Fe4.300G  i 2 

2.26 

985 

460.5 

Y  aGrao.??!  Fe4.229Oi  2 

2.18 

879 

464 

Y  3Gao.742Fc4.338O!  2 

2.10 

mined  for  the  Eu203-Er203-Fe203  system  and  was 
found  to  be  2.09  at  a  growth  temperature  of  960  °C. 
It  is  also  noteworthy  that  the  kGa  values  determined  in 
the  Pb0/B203  solvents  for  the  several  garnets  are  within 
less  than  10%  of  the  kGas  found  for  Y3Fe5_JCGaJC012 
in  PbO-PbF2  solvents9). 

4.  Growth  from  supersaturated  melts 

Levinstein  et  al.6)  discovered  that  complex  B203- 
PbO-garnet  oxide  melts  could  be  supersaturated  up  to 
120  °C,  and  that  for  more  modest  degrees  of  super¬ 
saturation,  10  °C  to  30  °C,  the  melts  were  remarkably 
stable  with  respect  to  garnet  nucleation.  Gallium  garnet 
substrates  can  be  repeatedly  dipped  into  the  supersatur¬ 
ated  solution,  and  films  deposited  and  withdrawn, 
without  garnet  forming  in  the  bulk  of  the  melt.  This  is 
very  advantageous  in  that  the  film  can  be  deposited  in 
a  very  well  controlled,  isothermal  zone  of  the  furnace. 

A  more  detailed  investigation  of  the  supersaturated 
melts  has  revealed  them  to  be  quite  unusual.  For  exam¬ 
ple,  if  the  melt  composition  locates  it  in  a  region  where 
orthoferrite  is  the  primary  phase,  it  is  found  that  super¬ 
saturation  with  respect  to  the  orthoferrite  phase  can 
not  be  made  to  exceed  about  5  °C.  This  is  true  inde¬ 
pendent  of  how  closely  one  approaches  the  garnet 
boundary.  But  the  addition  of  sufficient  Fe203,  say 
only  1.5  g  to  a  550  g  melt  already  containing  40  g  of 
Fe203,  to  just  cross  the  garnet  boundary  will  permit 
immediate  supersaturation  of  30-60  °C  without  nuclea¬ 
tion.  Clearly,  the  tendency  for  nucleation  from  these 
melts  depends  not  on  the  properties  of  the  melts,  but 
the  difference  between  the  structures  of  orthoferrites 
and  garnets,  either  in  their  tendency  to  nucleate  homo¬ 
geneously,  or  in  their  tendency  to  nucleate  on  the  cru¬ 
cible  or  trace  impurities. 

The  Pb0-B203-garnet  melts  exhibit  other  unusual 
properties.  For  example,  a  melt  can  be  saturated  with 
respect  to  orthoferrite  and  supersaturated  with  respect 
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to  garnet  simultaneously.  For  a  melt  of  the  composi¬ 
tion  shown  in  table  2,  the  saturation  temperature  of  the 
rare  earth  orthoferrite  is  1070  °C  and  the  garnet  field 
is  reached  at  1060  °C.  At  1065  °C  orthoferrite  crystal- 

Table  2 


Orthoferrite  field  melt  composition  for  Eu203-Er203  systems 


Oxide 

Weight 

(g) 

Eu203 

2.63 

Er203 

5.60 

Fe203 

40.23 

Ga203 

2.55 

PbO 

500.0 

b2o3 

10.0 

lized  on  YA103  as  shown  in  fig.  5.  Orthoferrite  also 
crystallized  in  the  melt,  but  no  garnet  could  be  detected. 
A  substrate  of  GGG  dipped  in  the  melt  at  1035  °C  was 
covered  by  a  garnet  film  and  had  small  particles  of 
orthoferrite  attached  to  it,  as  shown  in  fig.  6.  Since  the 
orthoferrite  particles  float  on  the  surface  of  the  melt 
many  of  them  become  attached  as  the  substrate  leaves 
the  melt.  No  free  garnet  crystals  were  observed  in  spite 


Fig.  5.  YA103  substrate  with  LnFe03  crystals. 


Fig.  6.  Gd3Ga5Oi2  substrate  with  garnet  film  and  an  LnFe03 
crystallite. 


of  the  large  number  of  orthoferrite  crystallites.  It  was 
then  found  that  by  changing  from  1 1 .39  to  11.81  the 
garnet  phase  was  the  primary  phase  at  temperatures 
ranging  up  to  1080  °C,  the  saturation  temperature. 

The  degree  of  supersaturation  observed  in  Pb0-B203 
based  melts  is  found  to  be  a  function  of  the  composi¬ 
tional  distance  of  the  melt  from  the  orthoferrite-garnet 
boundary.  A  melt  of  a  composition  where  Ri  is  12  will 
remain  supersaturated  20  °C  for  about  1  hr  during  2-3 
consecutive  dips  of  a  GGG  substrate.  The  same  garnet 
composition  (as  grown  epitaxially)  but  grown  from  a 
melt  where  R{  is  14  will  remain  supersaturated  ~4  hr 
under  identical  condition. 

In  addition  to  the  resistance  to  spontaneous  nuclea- 
tion,  there  exists  a  critical  lattice  mismatch  between  the 
magnetic  garnet  film  and  the  gallium  garnet  substrate 
material  above  which  no  nucleation  of  the  magnetic 
garnet  occurs  on  the  substrate.  Table  3  shows  the  room 
temperature  and  growth  temperature  lattice  parameters 
of  the  films  (uncorrected  for  stress)  and  substrates  along 
with  the  crystal  growth  observations.  The  room  tem¬ 
perature  lattice  parameters  of  films  and  substrates  were 
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Table  3 


Growth  observations  for  film-substrate  combinations 


Film 

composition 

Iron  garnet  film 
lattice  constant 

Substrate 

composition 

Substrate 
lattice  constant 

Film 

nucleation 

RT 

950  C 

RT 

950  C 

Y3Fe5012 

12.376 

12.4951 

Gd3Sc2Ga30!  2 

12.567 

12.6740 

Yes 

Nd3Ga5012 

12.509 

12.6155 

Yes 

Sm3Ga5Oi2 

12.438 

12.5443 

Yes 

Ho3Ga50 1 2 

12.2927 

12.3973 

Yes 

y3ai5o12 

12.008 

12.1035 

No 

^Tm^oY  l.oGdj.o 

12.35679 

12.4757 

Gd3Sc2Ga301 2 

12.567 

12.6740 

No 

Fe3.9Gao.63Alo.47G1 2 

Y3Fe4.3Al0.7O12 

12.324 

12.4426 

Nd3Ga5012 

12.509 

12.6155 

No 

Sm3Ga50 1 2 

12.438 

12.5443  \ 

Yes 

Ho3Ga50 1 2 

12.2927 

12.3973 

Yes 

y3ai5o12 

12.008 

12.1035 

No 

measured  by  the  H.P.M.  method10)  while  the  growth 
temperature  lattice  parameters  were  calculated  using 
the  appropriate  thermal  expansion  coefficients  for  the 
films  and  substrates11). 

All  growth  observations  shown  in  table  3  were  ob¬ 
tained  using  melts  with  the  following  ratios:  Rt  =  14, 
R3  =  15.6  and  i?4  =  0.084.  The  data  indicate  that 
nucleation  does  not  occur  on  the  substrate  if  a  critical 
lattice  mismatch,  y,  is  exceeded,  that  is: 

y  >  0.19  A,  (6) 

where  y  is  defined  as : 

7  —  |  ^substrate  (qSO  °C,  ( 1 1 1 )  • 

This  is  in  contrast  to  earlier  work  on  the  deposition 
of  Y3Fe5012  on  Y3A15012  by  CVD12)  and  LPE13,14) 
which  differed  from  ours  in  that  (100)  and  (110)  sub¬ 
strates  were  used  and  the  temperature  of  deposition 
ranged  from  over  1000  °C  to  1200  °C.  Clearly  y  is  a 
function  of  either  orientation  or  temperature,  or  both. 

Fig.  7  shows  the  growth  rate  as  a  function  of  degree 
of  supercooling.  The  data  were  obtained  using  two  dif¬ 
ferent  garnet  compositions,  Yx  4Gdx  6A10  86Fe4  .14^12 
and  EuEr2Fe4  3Ga0>7O1 2.  It  can  be  seen  that  the  growth 
rate  increases  linearly  with  the  degree  of  supercooling. 
The  relationship  being: 

v  =  15.5(r,  (7) 

where 

v  =  growth  rate  in  pm/min, 


a  —  degree  of  supercooling  (  — - — wl  j . 

In  crystal  growth  from  solution  (fluxed  melts  included) 
the  rate  controlling  process,  if  a  single  process  is  in  fact 
rate  controlling,  can  be  assumed  to  be  either  solute 
transport  to  the  growing  crystal,  interfacial  kinetics 


Fig.  7.  Growth  rate  versus  relative  degree  of  supercooling. 
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where  solute  particles  are  integrated  into  the  growing 
crystal  or  removal  of  the  heat  of  crystallization  and 
solvent  from  the  interface.  Elwell  and  Neate15)  in  a 
review  of  the  mechanisms  of  crystal  growth  from  fluxed 
melts  point  out  that  a  linear  relationship  between  the 
growth  velocity  and  the  degree  of  supersaturation  does 
not  give  an  unambiguous  indication  of  the  rate  con¬ 
trolling  process. 

5.  Anisotropy 

Uniaxial  anisotropy  in  garnets  has  basically  three 
components.  Magnetocrystalline  anisotropy,  growth  in¬ 
duced  anisotropy,  and  anisotropy  induced  by  strain. 
Rosencwaig  et  al.1617)  have  postulated  that  growth 
induced  anisotropy  is  basically  caused  by  an  ordering 
phenomena  occurring  among  ions  occupying  the  dode¬ 
cahedral  sites  in  the  garnet  structure.  Rosencwaig  pre¬ 
dicted  that  the  larger  the  difference  in  ionic  radii  for 
two  rare  earth  ions  the  larger  the  magnitude  of  the 
growth  induced  anisotropy.  Qualitative  data  support 
the  postulation. 

One  may  expect  that  the  growth  temperature  would 
affect  the  degree  of  growth  inducement;  i.e.,  lower  tem¬ 
peratures  will  favor  higher  order  and  higher  anisotro¬ 
pies.  Table  4  shows  the  results  obtained  from  three 

Table  4 

Growth  induced  anisotropy  versus  growth  temperature 


T 

Growth  induced 

(JQ 

anisotropy  Ku 

(erg/cm3) 

960 

2.5  XlO4 

880 

4.4  XlO4 

838 

5.1  xlO4 

samples  of  EuE^Fe^Gao  7012  grown  at  960  °C, 
880  °C  and  838  °C.  The  values  shown  for  Ku  represent 
the  difference  in  anisotropy  before  and  after  1200  °C 
annealing.  However,  there  exists  a  lower  limit  to  the 
growth  temperature  as  evidenced  by  the  pseudo-eutectic 
shown  in  fig.  3.  For  the  ratios  discussed  above  the 
lower  limit  for  the  growth  temperature  would  be 
~800  °C.  At  temperatures  of  1 100-1250  °C  the  growth 
induced  anisotropy  anneals  to  almost  zero  leaving  only 
the  strain  induced  and  magnetocrystalline  components. 
In  the  following  discussion  of  strain  induced  anisotropy 
two  important  assumptions  will  be  made : 

(a)  Films  are  thin  with  respect  to  substrates; 


(b)  Films  are  uniformly  strained. 

The  stress  in  a  LPE  film  is  related  to  the  lattice 
parameter  mismatch,  thermal  expansion  coefficients 
and  the  degree  of  stress  relief  by  the  following  rela¬ 
tion18’19): 

<j0  =  [(!->/)  +f/(as-af)Arl  - - ,  (8) 

L  Of  J  1  -/* 

where: 

t]  =  fractional  stress  relief, 

asi  af  =  bulk  room  temperature  lattice  parameter  of 
substrate  and  film,  respectively, 
as,  af  =  thermal  expansion  coefficient  of  substrate  and 
film,  respectively, 

E  =  Young’s  modulus  (~2  x  1012  dyne/cm2), 

^  =  Poisson’s  ratio  (~0.3  for  garnets), 

AT  =  growth  temperature -room  temperature. 

The  values  for  the  thermal  expansion  coefficients  of 
the  LnGa5012  substrates  are  all  ~9.2  x  10“6/°C  and 
those  of  the  iron  garnets  ~10.4x  10-6/°Cn).  Assum¬ 
ing  an  exact  lattice  match  between  film  and  substrate 
at  a  growth  temperature  of  975  °C  the  resulting  stress 
in  the  film  at  room  temperature  (assuming  no  stress 
relief)  is  one  of  tension  by  ~3  x  109  dyne/cm2  or 
~45000  psi.  This  magnitude  of  stress  is  roughly  at  the 
fracture  limit  for  many  ceramic  materials.  A  discus¬ 
sion  of  the  maximum  lattice  parameter  mismatch  which 
can  be  accommodated  without  introducing  defects  such 
as  cracks  or  “incipient  faceting”  will  be  presented  in 
the  next  section. 

The  magnitude  of  stress  induced  anisotropy  is  re¬ 
lated  to  the  stress  through  the  magnetostriction  coeffi¬ 
cients.  For  garnet  films  grown  on  <111)  oriented  sub¬ 
strates  : 

K=  '  W 

where : 

=  stress  induced  uniaxial  anisotropy  (erg/cm3), 

(7 o  =  stress  (dyne/cm2), 

21U  =  magnetostriction  coefficient  in  <111)  direction. 

Assuming  a  magnetostrictive  coefficient  of  —  4x  10“  6 
and  a  stress  of  3  x  109  dyne/cm2  as  determined  above 

Ksu  =  -f  (3x109)(-4x10"6)  =  1.8  xlO4  erg/cm3. 

(10) 
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The  <111)  magnetostriction  coefficients  of  the  rare 
earth  iron  garnets  range  from  +12x10" 6  for  Tb3- 
Fe5012  to  — 8.5x  10"6  for  Sm3Fe5012,  and  those  in 
the  <100)  directions  range  from  +21x10" 6  for 
Sm3Fe5012  and  Eu3Fe5012  to  — 12.5  xlO"6  for 
Dy3Fe5012  20).  By  choosing  the  appropriate  rare-earth 
ions  and  the  correct  lattice  mismatch  one  can  obtain 
a  material  having  a  desired  magnitude  of  uniaxial  ani¬ 
sotropy. 

6.  Defects 

A  defect  in  an  epitaxial  magnetic  garnet  film  is  here 
defined  as  anything  which  impedes  the  motion  of  bub¬ 
ble  domains.  Under  this  definition,  film  defects  fall  into 
four  categories:  (1)  Defects  associated  with  imperfec¬ 
tions.  in  the  substrate  such  as  inclusions  or  dislocations. 
(2)  Defects  arising  from  a  mismatch  of  lattice  constants 
between  the  substrate  and  film.  (3)  Defects  resulting 
from  precipitation  of  unwanted  phases.  (4)  Defects 
formed  as  a  result  of  inadequate  substrate  surface  pre¬ 
paration,  uncleanliness,  or  careless  handling  of  sub¬ 
strates  or  films.  Each  source  of  defects  will  be  discussed 
briefly. 


OSCILLATING  BIAS  FIELD 
DEFECT  MAP 

Fig.  8.  Dislocations  in  film  from  substrate. 


When  dislocations  in  a  gallium  garnet  substrate  in¬ 
tersect  the  surface,  they  are  propagated  into  the  film  as 
it  grows.  Kurtzig  and  Patel21)  have  shown  that  dis¬ 
locations  impede  bubbles  in  orthoferrite  plates  and  the 
same  is  true  for  garnet  films.  Fortunately,  the  energy 
of  formation  of  dislocations  in  gallium  garnets  is  very 
high,  and  Brandle  et  al.22)  have  observed  that  gado¬ 
linium  gallium  garnet  crystals  can  be  grown  readily 
which  yield  substrates  having  dislocation  densities 
ranging  from  0  to  5  per  cm2.  An  example  of  a  row  of 
dislocations  in  a  film  which  originated  in  the  substrate 
is  shown  in  fig.  8.  The  defects  were  mapped  by  the 
oscillating  bias  field  method23,24). 

Inclusions  in  the  substrate  yield  defects  in  the  films 
if  the  inclusions  intersect  the  surface.  Films  grown  on 
substrates  having  a  high  inclusion  density  will  contain 
regions  having  misoriented  crystallites  of  garnet.  The 
crystallites  form  because  the  exposed  inclusion  acts  as 
a  nucleating  source  for  garnet  crystals  and  the  orienta¬ 
tion  on  the  inclusion  is  nearly  random.  An  example  of 
a  film  defect  formed  from  a  substrate  inclusion  is  shown 
in  fig.  9. 


Fig.  9.  Defect  formed  by  substrate  inclusion. 
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If  the  substrate  is  free  of  dislocations  and  inclusions 
the  film  will  grow  and  remain  free  of  dislocations 
provided  the  room  temperature  lattice  constant  of  the 
film  (uncorrected  for  stress)  is  not  more  than  0.013  A 
smaller,  or  more  than  0.018  A  larger,  than  that  of  the 
substrate.  This  is  true  even  though  the  thermal  expan¬ 
sion  coefficients  of  the  iron  garnets  exceed  those  of  the 
gallium  garnets  by  about  10%.  So  difficult  is  it  to  form 
dislocations  in  the  films  deposited  on  dislocation  free 
substrates  that  films  with  small  lattice  constants  will 
crack  from  tension  before  nucleating  dislocations25,26). 

Cracks  caused  by  excess  tension  in  the  films  will,  of 
course,  stop  bubble  motion.  Another  defect,  less  well 
understood,  is  often  referred  to  as  film  faceting,  and 
occurs  when  the  lattice  constant  of  the  film  exceeds 
that  of  the  substrate  by  more  than  0.018  A.  An  exam¬ 
ple  of  film  faceting  is  shown  in  fig.  10.  Faceting  on 
films  grown  on  substrates  oriented  with  <111)  perpen¬ 
dicular  to  the  surface  appears  as  an  array  of  hillocks 
having  approximately  threefold  symmetry.  The  me- 


Fig.10.  Example  of  film  faceting. 


chanism  by  which  facets  form  is  not  understood,  but  it 
has  been  suggested  that  under  sufficient  compression 
the  growing  film  nucleates  dislocations  as  a  result  of 
localized  slip  which  serve  as  centers  for  rapid  growth 
of  the  film. 

Any  small  particle  growing  in  or  on  the  surface  of  a 
magnetic  film  will  impede  bubble  motion.  The  precipi¬ 
tation  of  unwanted  magnetic  phases  from  the  solution 
used  to  grow  films  is  particularly  troublesome.  Several 
precautions  must  be  taken  to  avoid  unwanted  phase 
precipitation.  First,  the  constituents  of  the  solution 
must  be  free  from  impurities,  such  as  silicates,  which 
may  precipitate  before  or  during  film  deposition.  Sec¬ 
ond,  the  solution  composition  must  yield  garnet  as  the 
primary  phase.  As  discussed  in  the  section  on  phase 
equilibrium,  a  molar  ratio  Fc203/ILn203  of  14  or  more 
will  suffice  to  eliminate  orthoferrite,  the  most  trouble¬ 
some  second  phase.  The  most  serious  problem  in  using 
supersaturated  solutions  to  deposit  films  is  the  random 
nucleation  of  garnet  itself  in  the  volume  of  the  melt. 
Small  particles  of  garnet  will  cling  to  the  substrate  and 
become  inbedded  in  the  film.  Garnet  precipitation  is 
best  avoided  by  making  certain  the  flux  solution  is 
entirely  liquid  before  attempting  to  bring  it  to  the  super¬ 
saturated  state.  An  overnight  heating  at  100°  above  the 
saturation  temperature  will  usually  suffice.  But,  if  ex¬ 
tensive  crystallization  has  occurred  longer  heating  at 
higher  temperatures  may  be  required. 

The  most  troublesome  defects  in  garnet  films  formed 
by  liquid  phase  epitaxy  arise  from  inadequate  substrate 
preparation,  careless  handling  of  film  and  substrates, 
and  unclean  laboratory  conditions.  These  “processing” 
defects  can  be  avoided  only  by  the  use  of  laboratory 
practices  similar  to  those  developed  for  the  semicon¬ 
ductor  industry.  Dust  free  rooms,  handling  jigs,  and 
ultrasonic  cleaning  are  mandatory.  The  use  of  organic 
solvents  to  clean  substrates  is  to  be  avoided.  Film  de¬ 
fects  resulting  from  processing  manifest  themselves  in 
several  ways: 

(1)  Pits  in  the  film.  These  are  caused  by  dust  on  the 
substrate  which  creates  local  regions  of  undersatura¬ 
tion  as  the  film  grows. 

(2)  Rows  of  slightly  misoriented  crystallites  of  garnet. 
These  form  along  the  path  of  deep  scratches  in  the 
substrate. 

(3)  A  domain  pattern  showing  linear  regions  of  co- 
ercivity.  These  arise  from  very  shallow  scratches  in  the 
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substrate  and  may  or  may  not  impede  bubble  domains 
depending  on  the  magnitude  of  the  coercivity. 

Although  the  types  of  defects  are  many,  it  is  en¬ 
couraging  that  all  defects  can  be  eliminated  from  garnet 
films  by  exercising  sufficient  care  in  substrate  growth 
and  preparation,  choice  of  film  growth  conditions,  and 
control  of  all  processing  steps. 

7.  Summary 

The  liquid  phase  epitaxial  technique  utilizing  super¬ 
saturated  melts  has  been  discussed  with  particular  em¬ 
phasis  on  phase  relationships,  growth  conditions  and 
factors  influencing '  defects.  Melt  compositions  have 
been  given  which  produce  high  quality,  low  defect  films. 
The  similarity  in  growth  conditions  of  a  number  of 
multiple  rare-earth  iron  garnet  compositions  has  been 
indicated  along  with  a  working  curve  of  Tsat  versus 
mole%  garnet  oxides  which  could  serve  as  a  guide  in 
the  preparation  of  other  garnet  films.  Data  have  been 
presented  to  indicate  the  effects  of  growth  temperature, 
lattice  mismatch  and  ionic  size  on  magnetic  uniaxial 
anisotropy. 

Because  the  garnet-flux  systems  are  very  similar  ther¬ 
modynamically  it  is  possible  to  control  crystal  growth 
parameters  and  composition  so  that  lattice  constants 
can  be  adjusted  to  within  0.002  A  while  maintaining 
the  required  magnetic  properties,  flatness  specifications 
and  freedom  from  defects. 
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ABSTRACT 

(RE,Y)3(Fe,Ga)5012  garnets,  where  RE=Eu  or  Gd,  have  been  developed  for 
use  as  magnetic  bubble  domain  materials.  Magnetic  and  crystallographic 
studies  were  used  to  find  suitable  compositions  for  epitaxial  thin 
films  on  nonmagnetic  garnet  substrate  crystals.  Properties  of  films 
grown  by  liquid  phase  epitaxy  on  Czochralski  Gd— Ga  garnet  (111)  sub¬ 
strates  are  discussed.  Uniaxial  anisotropy  in  the  films  can  be  inter¬ 
preted  as  being  the  result  of  a  lattice  mismatch  stress  mechanism.  The 
Gd-Y  films  with  uniaxial  anisotropy  are  in  tension  while  the  Eu-Y  films 
are  in  compression  as  shown  by  lattice  spacing  differences  between 
films  and  their  substrates.  Uncracked,  high  stability  Eu-Y  films  with 
very  high  compressive  stresses  were  grown.  Annealing  experiments  re¬ 
veal  significant  changes  in  anisotropy  which  correlate  with  large 
changes  in  film  lattice  spacing.  Thus,  it  is  possible  to  obtain  high 
uniaxial  anisotropy  in  garnets  containing  only  one  kind  of  rare  earth 
ion  together  with  a  nonmagnetic  ion  such  as  yttrium.  These  films  sup¬ 
port  domains  with  very  high  wall  velocities  at  typical  device  drive 
fields. 


Introduction 

Physical  property  requirements  for  cylindrical  magnetic  (bubble)  domain 
devices  have  been  specified  by  Bobeck,  et  al.  (1),  and  by  Thiele  (2).  Bubble 
materials  requirements  were  reviewed  by  Gianola,  et  al  (3),  mainly  in  terms  of 
orthoferrites  and  magnetoplumbites.  Factors  influencing  the  application  of 
garnets  as  bubble  materials  were  the  subject  of  several  recent  papers  (4-8). 

Bulk  garnet  crystals  containing  Eu,  Gd,  Y,  Fe,  Al,  and  Ga  as  cations  were 
described  by  Van  Uitert,  et  al.  (5),  and  by  Nielsen  (7).  We  have  found  that 
epitaxial  films  of  Eu,Y,Fe,Ga  (EYIGG)  and  Gd,Y,Fe,Ga  garnets  (GYIGG) ,  as  well 
as  mixtures  (EGYIGG)  of  the  two,  have  especially  good  properties  for  bubble 
domain  applications.  Films  of  these  garnets  have  been  made  by  the  liquid  phase 
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epitaxy  (LPE)  method  developed  by  Linares,  et  al.  (9,10),  and  used  by  Shick,  et 
al.  (11),  to  make  Eu,Er,Fe,Ga  garnet  films.  Mee,  et  al.  (4,12),  studied  the 
epitaxial  films  of  Y,Fe,Ga  garnets  (Ga:YIG)  on  special  substrates.  The  RE- 
substituted  films  described  here  can  be  grown  on  Gd^Ga50-L2- 

In  the  present  study,  the  principal  parameter  considerations  were:  anisot¬ 
ropy;  room  temperature  magnetization;  magnetization  temperature  coefficient; 
domain  wall  velocity  and  lattice  constant.  It  was  deemed  desirable  to  have  at 
least  10^/in.2  bubble  densities  and  10^  bit/sec  data  rates.  This  means  that 
bubble  diameters  should  be  _<  6  ym  and  domain  wall  velocity  should  well  exceed 
2000  cm/sec. 

Uniaxial  anisotropy  (1^)  must  be  induced  in  the  otherwise  cubic  garnets. 
Mee,  et  al.  (4,12),  found  stress-induced  in  their  Ga:YIG  films  grown  by 
chemical  vapor  deposition.  Stress-induced  arises  when  the  film  is  subjected 

to  a  stress  resulting  from  the  f ilm/substrate  combination  and  this  stress  oper¬ 
ates  through  magnetostriction  to  produce  anisotropy.  nGrowth"-induced  1^,  how¬ 
ever,  can  exist  without  a  substrate,  as  in  the  case  of  bulk  crystal  platelets 
(6).  The  GYIGG  and  EYIGG  films  reported  here  exhibit  stress-induced  K^. 

Saturation  magnetization  (4ttMs),  the  main  parameter  governing  bubble  dia¬ 
meter  (1-3),  determines  the  bubble  (bit)  area  density.  Bubble  diameter  is  in- 

2 

versely  proportional  to  Mg  .  Magnetic  properties  of  many  of  the  garnets  as  a 
function  of  composition  and  temperature  are  known.  Nielsen  (7),  for  example, 
has  used  Gd,Y,Fe,Al  garnet  data  from  the  literature  for  a  discussion  of  bubble 
materials,  and  Giess,  et  al.  (8),  studied  bubble  properties  in  a  mechanically 
stressed  bulk  crystal  platelet  of  Gd,Y,Fe,Al  garnet.  We  have  constructed  mag¬ 
netization  versus  composition  plots  for  both  the  EYIGG  and  GYIGG  systems  using 
newly  acquired  ceramic  sample  data. 

Domain  wall  velocity  (vw)  is  important  because  it  determines  the  data  rate 
at  which  a  device  will  operate  at  a  given  drive  field.  Mobility  (y),  the  drive 
field  derivative  of  vw,  is  a  term  used  to  describe  domain  wall  properties;  how¬ 
ever,  in  some  garnets  vw  is  a  nonlinear  function  of  drive  field  (13)  so  that  y 
is  of  limited  usefulness  in  describing  domain  wall  motion  except  at  low  drive 
fields. 

To  avoid  film  cracking  and  to  adjust  stress,  the  lattice  constant  match 
between  the  film  and  substrate  must  be  controlled.  Linares  (10)  showed  that  a 
close  lattice  constant  match  is  especially  important  in  the  growth  of  good  qual¬ 
ity  garnet  films.  Fortunately,  film  lattice  constants  can  be  computed  quite 
accurately  for  mixed  garnets  (8). 
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Experimental 


Sample  Preparation 

Magnetization  data  for  designing  film  compositions  were  obtained  from 
ceramics  prepared  by  finely  grinding  oxide  constituents,  pressing  disks,  firing 
three  times  at  1400°C  for  16  hr  in  1  atm  02  (with  two  intermediate  grinding¬ 
pressing  steps),  and  finally  firing  at  1000°  for  4  hr  to  equilibrate  the  gar¬ 
nets  at  the  latter  temperature.  The  starting  materials  in  all  phases  of  the 
work  reported  here  were  99.99%,  or  better,  purity  chemicals. 

Bulk  garnet  crystals  of  some  of  these  compositions  were  grown  by  the  PbO- 
PbF2-B203  fluxed  melt  technique  and  studied  by  techniques  discussed  in  an 
earlier  paper  (8).  Liquid  phase  epitaxy  (LPE)  films  were  grown  on  gallium 
garnet  substrates  in  PbO-B2C>3  fluxed  melts  by  the  ,ftippingn  technique  (9-11) 
and  the  simpler  "dipping”  technique  (14).  Our  LPE  films  were  grown  with  melt 
compositions  like  those  of  Shick,  et  al.  (11),  but  in  the  slightly  lower  tem¬ 
perature  range  of  850  to  800° C.  Nearly  all  films  were  grown  on  (111)  oriented 
Gd^Ga^O^  substrates  in  order  to  limit  the  number  of  variables  under  consid¬ 
eration. 

Substrate  crystals  for  the  LPE  films  were  single  rare  earth  gallium  gar¬ 
net,  e.g.,  Gd^Ga^O^,  crystals  grown  by  the  Czochralski  method  in  inductively 
heated  Ir  crucibles.  Substrate  crystal  growth  conditions  were  essentially  the 
same  as  those  employed  by  Linares  (15)  except  for  the  atmosphere,  which  was  1% 
02~99%  N2>  Oriented  boules  were  diamond  sawed  into  wafers  about  1  mm  thick.  A 
good  quality  wafer  surface  finish  is  necessary  for  successful  film  growth.  Saw 
damage  was  removed  by  successive  lapping  steps  with  30- ,  9-,  and  3-pm  diamond 
grit.  A  chemical-mechanical  polishing  step  with  a  colloidal  silica  formulation 
in  an  alkaline  medium  was  used  to  remove  the  last  vestige  of  surface  damage 
(16).  Polished  substrates  were  annealed  in  air  at  1250°C  for  4  hr. 

Measurements 

Film  compositions  were  analyzed  with  an  Applied  Research  Laboratory  EMX- 
SM  microprobe  instrument  using  flux-grown  crystals  of  F^F^G^j  ^3‘Fe5^12> 
Y3Fe5°12,  and  Y3Ga5°12  as  standards.  Lattice  constants  of  ceramics  were  meas¬ 
ured  by  the  powder  method  with  a  silicon  internal  standard  on  a  Guinier  x-ray 
focusing  camera  and  it  was  found  that  Vegard’s  rule  is  obeyed.  This  additivity 
of  lattice  constants  makes  it  possible  to  compute  the  lattice  constant  of  any 
garnet  in  the  (Eu,Gd,Y)3 (Fe,Ga)5C>12  system  using  published  aQ  values  (17)  of 
12.498,  12.471,  and  12.376  &  for  Eu-,  Gd-,  and  Y-iron  garnets,  respectively, 
and  subtracting  0.015  A  for  every  atom  of  Ga  in  a  unit  formula.  Lattice  spacing 
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differences  between  films  and  their  substrates  were  measured  by  slow  scanning 
the  respective  (888)  reflections  with  an  x-ray  diffractometer. 

Magnetization  values  were  obtained  with  ceramic  samples  measured  by  the 
force  magnetometer  method.  By  selecting  an  appropriate  range  of  ceramic  compo¬ 
sitions,  it  was  possible  to  compute  47rMg  versus  composition  tables  in  the  fol¬ 
lowing  way: 

The  end  member  RE0Fec  Ga  0- 0  (where  RE  =  Eu  or  Gd)  and  Y0Fe_  Ga  CL  0 
3  5-x  x  12  3  5-x  x  12 

systems  were  measured  using  samples  with  x  values  between  0.4  and  1.1,  in  0.1 
increments.  Since  the  rare  earth-iron  exchange  interactions  are  much  weaker 
than  the  iron- iron  interactions,  the  magnetization  of  the  rare  earths  does  not 
appreciably  change  the  iron  magnetization.  Hence,  the  magnetization  of  mixed 
garnets  (RE,Y)^Fe^  x^ax^i2  waS  ca-*-cu^atec^  by  linear  interpolation  between  the 
corresponding  end  members.  In  those  garnets  in  which  the  rare  earth  magneti¬ 
zation  is  larger  than  that  of  the  iron,  the  net  magnetization  must  be  taken  as 
negative. 

Domain  mobility  measurements  were  made  by  the  bubble  collapse  method  and 
bubble  statics  were  determined  using  techniques  developed  by  Bobeck,  et  al. 

(1).  Magnetic  anisotropy  was  obtained  from  microwave  resonance  measurements. 

Results  and  Discussion 

Magnetization  and  Lattice  Constant  Studies 

The  best  compositions  for  use  as  bubble  materials,  in  the  form  of  epitax¬ 
ial  films  on  Gd^Ga^O^^  substrates,  are  in  the  region  of  the  Eu  ^Y^  ^Fe^Ga^O.^ 
and  Gd  5^e4^a1^12  comPos^t;^ons  shown  in  Fig.  1.  Both  compositions  have  Curie 
points  well  above  room  temperature.  Eu  ^Y^  ^Fe^Ga^O^^  has  a  magnetization  vs 
temperature  curve  like  that  of  Ga:YIG,  while  Gd  ^Y^  ^-Fe^Ga^O.^  ^aS  a  maSnet^-c 
compensation  point,  below  200°K,  which  results  in  a  relatively  low  47rMg  at  room 
temperature  and  makes  the  temperature  coefficient  of  4ttMs  very  low.  The  thermal 
history  of  a  sample  affects  Mg  owing  to  Ga  ion  site  distribution  changes  (8)  with 
annealing.  Thus  the  1000°  final  firing  temperature  used  in  preparing  samples 
was  chosen  to  approximate  film  growth  temperatures. 

Figures  2  and  3  show  why  the  above  prototype  compositions  were  chosen  for 
film  studies.  Magnetization  is  the  key  parameter  determining  bubble  size  and 
lattice  constant  (aQ)  determines  how  well  an  epitaxial  film  will  "fit"  its 
substrate  without  cracking.  (Anisotropy  can  also  be  affected  by  the  aQ  film/ 
substrate  fit.)  The  diagonal  lines  running  from  lower  left  to  upper  right  trace 
compositions  having  the  indicated  47rMg.  Similarly,  the  flatter  diagonal  lines 
running  from  upper  left  to  lower  right  trace  compositions  having  the  indicated  aQ 
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FIG.  1 

47rMg  at  H  =  0  vs  temperature  for  ceramic  samples  equilibrated  at  1000°04  hr. 
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FIG.  2  FIG.  3 


EYIGG  system  4ttMs  and  a0  data.  Ab¬ 
scissa  is  Ga  content  with  Fe  the 
balance  and  ordinate  is  Y  content 
with  Eu  the  balance. 


GYIGG  system  4ttMs  and  aQ  data.  Ordinate 
is  Y  content  with  Gd  the  balance,  same 
abscissa  as  FIG.  2. 


values.  Bubble  diameter  requirements  restrict  the  choice  of  compositions  to 
those  having  approximately  100  <  4irM  <  300  G.  To  a  lesser  degree,  anisotropy 

®  o 

also  must  be  considered.  The  aQ  values  of  12.376,  12.384,  and  12.437  A  repre¬ 
sent  flux-  and  Czochralski-grown  Gd^Ga^-O.^  anc*  (flux-  or  Czochralski-grown) 
Sm^Ga^O^^j  respectively.  Even  single  rare  eafth  gallium  garnets,  e.g., 
"Gd^Ga^O^j "  are  ^2^3"^a2^3  80  solutions  (see  Ref.  17,  S.  Geller,  for  a 
discussion  of  ^2^3~^a2^3  &arnet  solid  solutions) .  An  order-disorder  phenomenon 
could  also  be  responsible  for  (Czochralski)  crystals  in  high-temperature  equil¬ 
ibrium  having  a  larger  aQ  than  (flux)  crystals  in  low- temperature  equilibrium. 
Thus  different  aQ  values  exist  for  flux-  and  Czochralski-grown  Gd-Ga  garnets. 

For  an  exact  film/ substrate  lattice  match,  film  compositions  along  the  appro¬ 
priate  substrate  aQ  line  would  be  chosen.  To  obtain  tensile  stress-induced 
anisotropy,  film  compositions  above  the  substrate  aQline  should  be  selected. 
Conversely,  compressive  film  stress  would  be  obtained  for  film  compositions 

below  the  substrate  a  line. 

o 

Films 

Substrates  and  orientations  other  than  Gd^Ga^O^  (111)  should  work  with  the 

proper  film  composition.  Defects  which  impeded  bubble  migration  had  densities 
2 

>  100/cm  ;  however,  since  crystal  chemistry  rather  than  perfection  was  the  main 
theme  of  this  investigation,  this  defect  density  level  is  not  considered  to  be  a 
lower  limit  for  the  EYIGG  and  GYIGG  systems.  The  defects  result  in  high 
coercivity. 

Distribution  Coefficient  Effects  -  Electron  microprobe  analyses  revealed 

that  the  molar  distribution  coefficient  (a  )  for  Ga  was  between  1.7  and  1.8, 

m 

where 


/  G3.  X 

a  =  ( - ) 

m  vGa+Fe' 


*  ( — ^—) 
vGa+Fe' 


(1) 


film  melt 

Shick,  et  al.  (10)  experienced  the  same  result.  The  rare  earths  Eu  and  Gd 
exhibited  an  slightly  less  than  one.  Therefore,  films  were  slightly  lower  in 
Eu  and/or  Gd  to  Y  ratio  than  the  starting  melts.  Large  ions,  which  occupy  the 

rare  earth  site,  tend  to  have  lower  a  values  in  garnets  than  smaller  ones  (5,8) 

3+  m  3+  3+ 

The  Y  ionic  radius  is  smaller  than  that  of  Eu  and  Gd  .  These  distribution 

coefficient  effects  tend  to  complicate  composition  control  in  the  LPE  process. 

Electron  microprobe  analyses  showed  that  LPE  films  have  a  Pb  impurity  con¬ 
tent  of  1  to  3  wt.%,  which  is  high  and  could  result  in  a  larger  than  normal 
lattice  constant.  GYIGG  films  designed  to  be  in  tension  often  were  in  compres- 
sionin  presumably  from  the  effects  of  excessive  Pb  impurity. 
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Bubble  Static  Properties  -  Typical  magnetic  data  for  LPE  films  on 


Czochralski-grown  Gd^Ga^O^^  substrates  oriented  (111)  are  shown  below  in  Table 
1.  These  data  represent  direct  bubble  measurements  except  for  anisotropy  field 
values  (H^)  obtained  from  ferromagnetic  resonance  measurements  made  on  an  entire 
film. 


TABLE  1 


Bubble  Data  for  LPE  Films. 


Composition 

Diameter 

(ym) 

4ttM 

s 

(G) 

^bias 

(Oe) 

Thickness 

(ym) 

H 

u 

(Oe) 

Eu.6Y2.4Fe3.85Ga1.15°12 

4 

280 

130 

4 

2480 

Gd.47Y2.53Fe3.95Ga1.05°12 

4 

150 

90 

4 

600 

It  can  be  seen  that  although  the  EYIGG  compositions  have  a  higher  4ttMs  than 
GYIGG  compositions  with  the  same  Ga  =  1,  the  values  of  the  Eu-doped  films 
are  higher  too  so  that  comparable  bubble  diameters  are  obtained  in  both  sys¬ 
tems.  Bubble  diameter  is  a  function  of  bias  field,  film  thickness,  and  &,  the 
characteristic  length,  which  was  derived  by  Thiele  (2)  and  can  be  expressed  as: 


/  A  K 


(2) 


where  A  is  the  exchange  constant,  which  is  proportional  to  the  Curie  point, 
and  is  the  uniaxial  anisotropy  constant  which  equals  H  M  /2. 

It  was  found  that  films  consisting  of  mixtures  of  Eu,  Gd,  and  Y  could  be 
grown  with  uniaxial  anisotropy  too,  but  this  more  complex  system  was  not 
studied  in  detail.  It  was  noted  that  good  stability  EGYIGG  films  contain  more 
Eu  than  Gd . 


Anisotropy  -  The  origin  of  the  high  anisotropy  for  the  EYIGG  system  com¬ 
pared  to  that  of  the  GYIGG  system  will  be  considered  next.  In  a  (111)  plane, 
the  stress-induced  anisotropy  field 


H- 

a  M 

s 


(3) 


where  X  is  the  (111)  magnetostrictive  coefficient  and  a  is  the  biaxial  stress 
in  the  (111)  film  plane.  For  uniaxial  anisotropy,  if  X  is  negative  then  a  must 
be  a  tensile  stress.  Conversely,  if  X  is  positive  then  a  must  be  a  compressive 
stress.  EYIGG  films  exhibit  higher  anisotropies  than  were  anticipated  because 
the  films  are  very  highly  stressed.  Lattice  mismatches  between  films  and 
substrates  of  1  part  in  300  were  observed.  It  was  found  that  Tb-doped  films 
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is  similar  to  Eu 


3+  3+ 

also  exhibit  compressive  stress-induced  anisotropy.  Tb  is  similar  to  Eu 
in  that  both  have  positive  ^11  * 

Kurtzig,  et  al.  (11,18),  have  shown  that  growth-induced  anisotropy  can  be 
annealed  out  of  a  garnet  at  temperatures  in  excess  of  1200° C.  By  annealing  at 
1220°C  in  air  for  3  hr,  significant  changes  occurred  in  the  of  both  EYIGG 
and  GYIGG  films.  Anisotropy  decreased  with  annealing  in  EYIGG  films  and  in¬ 
creased  in  GYIGG  films.  In  contrast  to  Kurtzig  and  Hagedorn  (18)  who  found  a 
change  in  lattice  parameter  of  only  1  part  in  2  x  10^  for  films  with  growth- 
induced  K^,  annealing  caused  lattice  parameter  decreases  in  EYIGG  films  of  1 
part  in  500.  This  decrease  would  significantly  lower  stress  and  account  for 
the  observed  decrease  in  with  annealing  (19).  The  EYIGG  films  as-grown 
then  are  under  a  high  biaxial  stress. 

Compressively-stressed  EYIGG  films  were  found  to  require  less  stringent 
process  control  than  GYIGG  films  which  work  with  a  tensile  stress.  As  noted 
earlier,  GYIGG  films  grown  by  LPE  were  often  in  compression,  which  results  in 
planar  anisotropy,  presumably  due  to  the  presence  of  Pb  impurity.  GYIGG  films 
with  tensile  stress-induced  could  probably  be  fabricated  by  the  chemical 
vapor  deposition  (CVD)  technique. 


Domain  Wall  Velocity  -  Both  the  EYIGG-  and  GYIGG-films  exhibit  velocity 
versus  drive  field  curves  similar  to  those  observed  by  Calhoun,  et  al.  (13),  in 
Ga:YIG  platelets.  At  low  drive  fields  (~  1  Oe) ,  mobility  is  very  high,  but 
decreases  with  increasing  drive  field.  For  device  purposes,  drive  fields  will 
have  to  be  greater  than  1  Oe,  probably  around  20  Oe.  Domain  wall  velocities 
>  4000  cm/sec  were  measured  in  a  GYIGG  film  which  means  that  these  composi¬ 
tions  should  achieve  high  data  rates  in  device  configurations. 

Conclusions 

Magnetic  garnet  compositions  useful  in  bubble  domain  applications  can  be 
designed  for  growth  as  epitaxial  films  on  simple  rare  earth  gallium  garnet 
substrates.  Two  relatively  simple  systems,  (Eu,Y)^ (Fe^a^O^  and  (Gd,Y)^ 
(Fe,Ga)^-0^2>  have  been  used  to  demonstrate  the  design  principles  involved. 

The  Eu-doped  Ga:YIG  system  exhibits  compressive  stress-induced  anisotropy,  while 
the  Gd-doped  system  has  a  tensile  stress-induced  anisotropy.  Very  high  domain 
wall  velocities  can  be  realized  with  the  Gd-doped  system.  The  Eu-doped  system 
has  the  advantages  of  the  Ga:YIG  system  plus  having  strong  uniaxial  anisotropy. 
Lead  incorporation  in  LPE  films  is  believed  to  be  responsible  for  the  larger 
than  anticipated  lattice  constants  observed.  These  films  can  be  grown  on 
simple  Gd-Ga  garnet  substrates. 
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KINETICS  OF  LPE  GROWTH  AND  ITS  INFLUENCE  ON  MAGNETIC  PROPERTIES 

So  Lo  Blank,  B.  S.  Hewitt,  L.  K.  Shick,  and  J.  W.  Nielsen 
Bell  Laboratories,  Inc.,  Murray  Hill,  New  Jersey  07974 

ABSTRACT 

The  effects  of  growth  conditions  on  the  magnetic  properties  of 
substituted  rare-earth  iron  garnets  grown  by  liquid  phase  epitaxy 
are  discussed.  Particular  emphasis  is  placed,  on  the  influence  of 
growth  rate,  growth  temperature  and  growth  procedure  on  the  relevant 
magnetic  properties  of  epitaxial  garnet  films. 

Data  showing  growth  rate  as  a  function  of  rotation  rate  and  the 
degree  of  supers atur at ion  are  presented.  The  relationship  between 
growth  temperature  and  the  magnitude  of  growth  induced  uniaxial 
magnetic  anisotropy  for  the  compositions  Y2 .40EkO.60Ga1.1Fe3-. 9O12 
and  EuEr2Gao.7Fe4.3O12' are  given.  The  effects  of  melt  composition 
on  growth  temperature  are  shown  as  the  relevant  compositional  ratios 
in  the  melt  are  varied.  The  effect  of  spontaneous  homogeneous  nucle- 
ation  during  film  growth  is  shown  in  relation  to  the  magnetic  prop¬ 
erties  of  the  films.  The  distribution  coefficient  of  gallium  as  a 
function  of  temperature  is  presented  along  with  data  indicating  the 
relationship  between  lead  incorporation  and  growth  temperature . 

INTRODUCTION 

Since  the  application  of  liquid  phase  epitaxy  to  magnetic 
bubble  materials  by  Shick,  et  al.1  and  the  discovery  of  the  "dipping11 
technique  utilizing  supercooled  melts  by  Levinstein  and  co-workers,2 
much  emphasis  has  been  placed  on  the  study  of  growth  kinetics^  and 
phase  equilibria^  related  to  the  Pb0-B203 -garnet  system.  It  is  the 
purpose  of  this  paper  to  describe  some  of  the  growth  kinetics  of 
substituted  rare-earth  iron  garnets,  grown  by  liquid  phase  epitaxy, 
the  effects  of  melt  composition,  growth  temperature  and  growth  pro¬ 
cedure  on  these  growth  kinetics,  along  with  the  resulting  effects  on 
magnetic  properties.  Bobeck,  et  al.5  have  summarized  the  requirements 
for  a  bubble  domain  material  useful  in  devices  operating  at  the  100Kbit/ 
sec  data  rate  with  a  1  Mbit/in2  storage  density.  The  requirements 
are  as  follows : 


1.  Bubble  diameter 

6  Mm 

2.  Thickness 

.  6  Mm  ±  1$ 

3.  Defect  Density 

<  5/cm2 

4.  Magnetization 

150  gauss  ±  Vj0 

5.  Coercivity 

<  0.3  0e 

6.  Anisotropy  field 

>  1.5  X  (4ttMs) 

7.  Mobility 

>  200  cm/sec-Oe 

8.  Bubble  Stability 

Size  and  shape  must  be 
insensitive  to  in-plane 
rotating  field  and  to 

temperature . 

Reprinted  with  permission  from  Proceedings  of  the  A!P  18th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials,  1972,  pp.  256-270. 
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Although  many  of  the  above  requirements  are  interrelated  the  follow¬ 
ing  table  shows  to  first  order ,  growth  parameter  effects  on  the 
material  requirements. 


Growth  Parameter 
Growth  Mechanics 


Growth  Temperature 


Composition 


Growth  Rate 


Material  Requirement 

Thickness  Uniformity 
Defect  Density 

Anisotropy  (Growth  Induced) 
Room  Temperature  4ttMs 
Impurity  Concentration 

Bubble  Stability 
Anisotropy 
Coercivity 
4ttMs 

Mobility 

4ttMs 

Impurity  Concentration 


By  utilizing  horizontal  rotation  of  the  substrate  one  can  make  use. 
of  the  radial  thermal  gradients  present  in  the  melt  along  with  con¬ 
trolled  melt  motion  to  compensate  for  edge  diffusion  effects  in  order 
to  obtain  films  with  thicknesses  within  the  stringent  ±1#  require¬ 
ment.5  The  factors  influencing  the  choice  of  film  composition  have 
been  discussed  in  detail  elsewhere . 7, 8, 9, 10,11 

Let  it  suffice  for  this  paper  to  show  some  of  the  effects  phase 
equilibria  and  growth  kinetics  have  in  changing  the  magnetic  prop¬ 
erties  of  films  of  compositions  published  by  Giess,  et  al.7, 
Tolksdorf,  et  al.9  and  Van  Uitert,  et  al.10,11 


APPARATUS  AND  EXPERIMENTAL  PROCEDURE 


The  details  of  the  equipment  used  for  the  growth  of  magnetic 
garnets  by  LPE  have  been  discussed  elsewhere.^-  In  general  a  furnace 
capable  of  temperatures  in  excess  of  1300°C  is  used  along  with  the 
hardware  necessary  to  establish  a  nul2  cm  isothermal  ±^°C  zone.  The 
crucibles  were  Chemical  Pure  grade  platinum  with  volumes  varying  be¬ 
tween  70-150  cm3.  A  crystal  puller  capable  of  rotation  over  a 
0-300  rpm  range  was  used. 

The  procedure  for  melt  preparation  has  been  discussed  by  Blank 
and  Nielsen4.  Following  the  high  temperature  equilibration  the  melt 
temperature  is  reduced  to  the  growth  temperature  and  maintained 
there  to  ensure  isothermal  growth  conditions.  Before  insertion  into 
the  melt,  substrates  are  held  ^5  mm  above  the  melt  surface  for  10 
minutes  to  insure  thermal  equilibration  of  the  substrate.  Inserting 
a  "cold1-1  substrate  into  the  melt  would  cause  uncontrolled  growth  and 
may  even  initiate  spontaneous  crystallization  in  the  melt. 

During  growth  the  substrates  are  continuously  rotated  horizon¬ 
tally  at  50-250  rpm  and  are  then  withdrawn  rotating  so  that  most  of 
the  flux  adhering  to  the  films  is  thrown  off.  The  films  are  then 
removed  from  the  growth  furnace  at  a  pull  rate  less  than  12.7  cm/min. 
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to  prevent  cracking  due  to  thermal  shock.  Substrates  were  GdgGa^O^ 
wafers  oriented  (ill). 


MELT  COMPOSITION  AND  ITS  INFLUENCE  ON  GROWTH  KINETICS 


It  is  convenient  to  describe  the  complex  oxide  system  used  for 
LPE  garnet  growth  as  a  pseudo -ternary :  Flux- ZIJI2O3 ,  Ga2C>3 
etc. 5  in  the  pseudo -ternary  the  location  of  the  garnet  field  is  a 
function  of  the  Ln’s  being  used.  The  definition  of  the  important 
molar  compositional  ratio’s  in  the  melt  presented  by  Blank  and 
Nielsen^  will  be  repeated  in  order  to  simplify  the  following  dis¬ 
cussion. 


ki£ 


Feg°3 

Ln2°3 


R  -  Feg°3 

*2  “  Ga203 


Fe2°3 

A1203 


•p  -  FbO 
3  “  Bo0. 


R),  = 


2  3 


Fe^  +  Ga^O^  +  Ln^O^ 


■4  “  PbO  +  BgO  +  Fe203  +  Ga203  4  Ln203 


It  has  been  experimentally  observed  that  the  ortho ferrite -garnet 
and  garnet  -magnetoplumb  it  e  boundaries  are  not  uniquely  defined  when 
analyzed  using  the  pseudo-ternary  approximation.  The  approximate 
locations  of  the  orthoferrite -garnet  boundary  with  the  following 
melt  ratio’s  being  fixed;  R2  =  6.66,  'Rp  =  15-6,  R4  =  .085,  ranges 
from  R]_  =  14  for  YIG  to  Rp  =  17  for  GdIG  to  Rp  20  for  iron  garnets 
containing  samarium.  The  location  of  the  garnet -magnet oplumbite 
boundary  is  found  to  be  Rp  >  35* 

Films  grown  in  the  vicinity  of  the  orthoferrite -garnet  boundary 
(Rp  ^  l4-l8)  show  evidence  of  orthoferrite  inclusions  in  the  epi¬ 
taxial  layers.  The  quantity  and  size  of  the  included  crystallites 
depends  on  the  melt  composition,  and  the  lower  the  value  of  Rp  the 
greater  the  number  of  crystallites  and  the  larger  their  size .  The 
incorporation  of  orthoferrite  crystallites  either  in  the  film  or  on 
the  film  surface  results  in  defects  which  inhibit  smooth  domain  wall 
motion.  The  effect  of  orthoferrite  crystallization  on  the  melt  com¬ 
position  is  to  increase  the  value  of  Rp,  thereby  shifting  the  melt 
composition  towards  the  garnet  field.  Crystallization  of  magneto- 
plumbite  results  in  large  hexagonal  platelets  in  the  melt  which  tend 
to  become  attached  to  the  film  surface.  No  indication  of  magneto- 
plumbite  crystallite  incorporation  in  the  epitaxial  films  has  been 
observed.  The  effect  of  magnet oplumbite  crystallization  on  the  melt 
composition  is  to  decrease  the  value  of  Rp,  also  tending  to  adjust 
the  melt  composition  towards  the  garnet  field. 
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The  degree  to  which  the  garnet  phase  may  be  supercooled  is 
related  to  the  compositional  location  of  the  melt  on  the  phase  dia¬ 
gram.  Increased  supercooling  is  observed  as  the  melt  composition 
moves  deeper  into  the  garnet  field  from  the  orthoferrite  boundary. 

The  effect  of  garnet  crystallization ,  either  by  homogeneous  nuclea- 
tion  in  the  melt  or  heterogeneous  crystallization  on  crucible  walls 
or  on  impurities,  is  a  change  in  the  film  growth  kinetics  and  in  the 
magnetic  properties  of  the  epitaxial  film.  Since  the  distribution 
coefficients  for  some  of  the  film  components  are  not  equal  to  one, 
the  effect  of  melt  depletion  will  be  observed  when  bulk  garnet 
crystallizes  either  during  or  before  epitaxial  growth.  For  example, 
a  sample  of  Ga : substituted  rare  earth  iron  garnet  (A)  was  grown  from 
a  melt  just  beginning  to  show  evidence  of  bulk  garnet  crystallization 
and  another  sample  (b)  grown  n.15  minutes  later  without  re-equilibra- 
tion  of  the  melt.  Sample  (b)  had  a  4ttMs  6l  gauss  higher  than  (A) 
corresponding  to  a  decrease  in  gallium  content  of  0D.O65  mole  per 
garnet  formula  unit.  Both  samples  were  nominally  2.5  Mm  thick  grown 
for  12  minutes  under  static  conditions .  Garnet  crystallization  also 
decreases  the  effective  degree  of  supercooling,  thereby  decreasing' 
the  growth  rate  of  the  epitaxial  film. 

The  pseudo -binary,  Garnet-Flux,  presented  by  Blank  and  Nielsen^ 
shows  that  a  eutectic  occurs  at  R4  9*  0.049  at  a  temperature  of 
^780° C.  The  change  in  saturation  temperature  with  R4  varies  with  ■ 
both  R3  and  R4.  Table  I  shows  the  effects  of  changing  the  ratio *s 
Rq,  R2,  R3J  and  R4  on  ^saturation  foT  several  melt  compositions. 

Table  I  shows  that  3Tsa^-/§Rq  is  a  non-linear  function  of  Rq,  decreas¬ 
ing  as  Rq  increases. 


TABLE  I  Effect  of  Melt  Composition  on  Saturation 
Temperature  (Rx  =  ,  Rg ,  R^.  R4) 


X 

4TsatA 

R1 

r2 

R3 

r4 

1 

-12.4 

12-14 

15.0 

15.6 

.086 

1 

-  8.0 

14-18 

10.2 

10.9 

.085 

1 

-  3-9 

17-30 

6.7 

15.6 

.088 

2 

-  2.0 

14 

11-19 

15.6 

.086 

3 

+  8.5 

14 

15-0 

15.6-9.4 

.086 

3 

+  3-4 

13.6 

10.2 

8. 4-8. 5 

,085 

4 

+45-3 

14 

15.0 

15-6 

.050-. 100 

4 

+20.6 

25 

6.7 

15.6 

.088-; 104 

GROWTH  KINETICS  AND  ITS  INFLUENCE  ON  MAGNETIC  PROPERTIES 
a .  Rotation  Rate  vs .  Growth  Rate 

Thickness  as  a  function  of  growth  time  has  been  plotted  for 
Sm:Ga:YIG  in  Fig.  1  for  the  growth  conditions  as  shown  in  Table  II. 
All  curves  show  an  approximately  linear  relationship  with  some 
slight  evidence  of  downward  curvature  for  the  last  data  point  on 
Curve  C  and  for  Curve  D.  It  is  interesting  to  note  that  even  in 
the  case  of  no  rotation,  Curve  A,  the  growth  rate  remains  constant, 
for  times  >1.4  min.  indicating  that  the  concentration  gradient  over 
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TABLE  II  Growth  Conditions  for  Data  In  Pigure  1 


Curve 

R1 

"a 

"3 

r4 

U) 

Tnat 

AT 

A 

30 

6.66 

16.6 

.085 

0 

806 

19 

n 

17 

6.66 

16.6 

.006 

270 

626 

2 

C 

17 

6.66 

16.6 

.086 

270 

926 

10 

D 

17 

6.6*> 

16.6 

.086 

270 

1H 

Fig.  1.  Film  thickness  vs. 
time  for  Y2 .62Smo.38Ga1.17 
Feo  83°12-  (CA)  No  rotation, 
19”C  supercooled,  (b)  270  REM, 
2°C  supercooled,  (C)  2J0  REM, 
10° C  supercooled,  and  (D)  2J0 
REM,  lU°C  supercooled. 


the  boundary  layer  thickness  also 
remains  constant.  This  implies  that 
the  steady  state  boundary  layer  thick¬ 
ness  is  established  rapidly.  In  order 
to  investigate  the  initial  stages  of 
epitaxial  growth,  substrates  were 
immersed  into  the  melt  for  times 
varying  from  12-200  seconds  and  the 
thickness  of  the  grown  films  was 
determined  from  the  weight  gain  using 
an  experimentally  determined  conver¬ 
sion  factor.  The.  short  time  data 
indicate  that  the  initial  growth 
rate  for  t  <  ^2  min.  is  ^00.092  Mm/min. 
while  for  t  >  ^2  min.  the  growth  rate  becomes  0.050  Mm/min.  However, 
these'  data  are  uncertain  because  of  the  disturbances  introduced  into 
the  melt  when  substrates  are  immersed  and  withdrawn. 

In  solution  growth  the  rate-controlling  process  can  be  taken  to 
be  either  the  solute  transport  to  the  interface  or  an  interface 
kinetic  stage  where  solute  particles  are  incorporated  into  the  grow¬ 
ing  crystal.  If  volume  diffusion  through  a  boundary  layer  plays  a 
significant  role  in  the  rate  of  crystal  growth,  the  growth  rate  will 
be  some  function  of  the  relative  motion  between  the  solution  and  the 
crystal.  Crystal  rotation,  for  example,  results  in  a  decrease  in  the 
boundary  layer  thickness,  and  will  therefore  increase  the  crystal 
growth  rate/ 

The  thickness  of  the  boundary  layer,  6,  can  be  approximated,  by 
an  expression  given  by  Burton,  Prim,  and  Slichter-^  for  the  case  of 
an  infinite  disc  rotating  at  a  rate  co  in  a  kemi-infinite  liquid: 


6  *  a2/3  dV3  vV6  (!) 

where : 

D  =  diffusion  coefficient  (cm  /sec) 

V  =  kinematic  viscosity 

0)  =  angular  velocity  of  the  rotating  crystal 
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If  one  assumes  that  the  rate  of  crystal  growth  is  controlled  only  by 
the  solute  diffusion  through  the  boundary  layer  of  thickness  6  and 

the  concentration  gradient  (2—)  evaluated  at  the  growth  interface  is 

oX 

uniform  across  this  boundary  layer,  the  velocity  of  growth  can  be  ex¬ 
pressed  as  : 


D(Vni) 

P6 


(2) 


where : 

v  =  growth  velocity  (cm/sec) 
n^  =  solute  concentration  in  bulk  of  melt 
nj_  =  solute  concentration  at  growth  interface 
p  =  crystal  density 
D  =  diffusivity  (cm2/sec) 


For  the  case  of  no  substrate  rotation,  Fig.  2  shows  the  growth 
rate  vs.  reduced  supercooling  for  several  compositions  as  indicated 
on  the  legend.  The  thickness  measurements  were  made  at  the  same  place 
on  each  sample.  However,  the  absolute  growth  rate  cannot  be  deter¬ 
mined  since  the  growth  rate  scale  could  be  slightly  displaced  depend¬ 
ing  upon  the  choice  of  the  location  for  measurement.  The  linear 


variation  may  result  from  either 
diffusion  control  (as  initially 
assumed)  or  from  a  particle  inte¬ 
gration  mechanism  where  the  actual 
super saturation  exceeds  some 
critical  value.  The  non¬ 
interacting  screw  dislocation 
model  presented  by  Frank, ^3  and 
incorporated  into  the  Burton, 
Cabrera.,  and  Frank  theory^  pre¬ 
dicts  that: 

Co2  °1 

v  =  tanh  H?)  (3) 

where : 

a  =  relative  super saturation 
C,a^  =  depend  upon  surface  free 
energy,  surface  diffusion 
coefficients,  and  tempera¬ 
ture. 


Fig.  2.  Growth  rate  vs.  relative 


At  values  of  a  below  o^,  Eq.  (3) 
may  be  approximated  by: 


degree  of  supercooling  under  ^  2 
static  conditions.  (Some  data  v  ~  — 
obtained  from  Ref.  4).  1 


w 
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while  for  a  »  a ^ 


V  ^  Ca 


(5) 


According  to  Elwell  and  Neate^-5  the  two  possible  mechanisms  resulting 
in  a  linear  law  may  he  distinguished  by  the  dependence  of  the  growth 
rate  on  relative  motion  in  the  case  of  diffusion  control. 


Fig.  3.  Growth  rate  vs.  rotation 
rate  for  52^mO. 38^a1.17^'e3.83^12 

(A)  19 °C  supercooled,  Tsa.f.  =  866 °C 

(B)  9°C  supercooled,  Tsat’=  925 °C 

(C)  22 °C  supercooled,  Tsat.=  925 °C 


Figure  3  shows  the  growth 
rate  (Mm/min.)  as  a  function  of 
rotation  rate  (rpm)  for  three 
melts  as  indicated  in  Table  III. 

Using  Eq.  (l)  and  (2)  to 
obtain  the  boundary  layer 
thickness,  6,  and  the  growth 
velocity,  v,  and  using  the 
following  melt  conditions  : 

T  growth  =  867° C 
T]  melt  =  0.86  poise 
(extrapolated  from  Ref. 9) 
p  melt  =  7.2  g/cm.3 
nM"ni  =  6.2x10-3  g/cm3 
p  crystal  =  5.43  g/cm3 

for  four  values  of  the  diffusion 
coefficient,  5.8  X  10’7,  8.7  x 
x  10'6,  and  1.5  x 
10“  cm2/sec,  one  obtains  the 
predicted  thickness  vs.  (rota¬ 
tion  rate'p  curves  shown  in 
Fig.  4.  The  data  from  Fig.  3, 
Curve  A  have  been  plotted  on 
the  same  graph  by  subtracting 
O.85  Mm  from  each  data  point  in 
order  to  have  the  zero  rotation 
rate  appear  to  result  in  the 


TABLE  III  Growth  Conditions  for  Data  in  Figure  3 


Curve 

Ri 

R2 

R3 

\ 

Tsat 

AT 

A 

30 

6.66 

15.6 

.085 

866 

19 

B 

17 

6.65 

15.6 

.085 

925 

9 

C 

17 

6.65 

15.6 

.085 

925 

22 
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zero  film  thickness  required  hy 
simple  theory.  A  simple  analy¬ 
sis-^  indicates  that  one  can 
subtract  a  constant  thickness 
to  take  into  account  the  growth 
prior  to  establishment  of  steady 
state  growth  conditions.  The 
data  points  represent  film 
thickness  measurements  made  in 
the  uniform  central  region  of 
each  specimen,  eliminating  edge 
effects.  The  line  representing 
the  D  =  8.7  X  10-7  cmr /sec  dif¬ 
fusion  coefficient  is  the  best 
fit  to  the  experimental  data. 

The  data  from  Curves  B  and  C  in 

Fig.  3  have  also  been  analysed  using  the  assumption  of  diffusion 
limited  growth.  The  best  fit  to  equations  (l)  and  (2)  is  found  for 
D  =  6.5  X  10~6  cm^/sec.  It  is  found,  however*,  that  the  relationship 
does  not  hold  when  a)  >  ^vl60  rpm.  This  implies  that  under  the  growth 
conditions  indicated  the  growth  is  diffusion  controlled  over  the 
4-160  rpm  rotation  range. 

It  is  difficult  to  separate  the  effects  of  diffusion  and  parti¬ 
cle  integration  in  order  to  determine  the  mechanism  of  particle  inte¬ 
gration.  It  is  known  that  in  general  the  kinetics  of  growth  involve 
higher  order  reactions. ^7  Bricel7  proposed  a  method  which  enables 
the  order  of  the  reaction  to  be  determined  from  data  relating  the 
growth  rate  to  the  stirring  action.  The  relationship  derived  was: 


Fig.  4.  Film  thickness  vs. 
^/rotation  rate  (RPM)"2.  Lines  are 
predicted,  0  -  data  points. 


Kv 


O) 


« .  +  A-^v1/11  =  C  -C 
1/2  co  e 


(6) 


where 


It  -  1.6  -1 

M 


Ce  =  Equilibrium  Concentration 
VM  =  Molar  Volume 


This  equation  indicates  that  the  growth  rate  at  a  constant  super sat¬ 
uration  should  tend  asymptotically  to  a  limit  as  0)  is  increased. 

This  is  in  general  agreement  with  the  data  presented  in  Fig.  3  for 
Curves  B  and  C  although  a  larger  range  of  growth  rates  should  be 
studied.  The  data  relating  growth  rate  to  rotation  rate  may  be  plot¬ 
ted  using  the  form  of  Eq.  (6)  to  give  [Linear  relations.  By  choosing 
values  of  n  and  plotting  vuT^-'^  vs.  vVn  a  linear  relationship  should 
be  found  for  a  particular  value  of  n.  The  data  presented  in  Fig.  3 > 
Curve  A,  are  not  linear  for  n  =  1  but  are  essentially  linear  for 
n  =  2.  The  value  for  n  =  3  also  shows  an  approximately  linear  rela¬ 
tionship.  Brice^-7  points  out  that  in  order  to  determine  the  order 
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of  the  reaction  one  must  cover  a  sufficient  range  of  03  in  order  to 
eliminate  the  possibility  of  incorrect  interpretation  of  the  reaction 
order.  The  range  of  growth  rates  and  co  values  are  most  probably  not 
large  enough  to  interpret  the  reaction  order  with  confidence . 

Detailed  examination  of  the  equation  used  to  describe  the 
boundary  layer  thickness  and  the  growth  velocity  show  the  following 
relationships  between  errors  in  the  determinations  of  melt  and  crys¬ 
tal  properties  and  the  resulting  errors  in  the  calculated  diffusivity. 


Error 

Viscosity  10% 

Density 

(crystal)  10% 

Supersaturation  10% 


Error 

2$ 

Diffusivity  15$ 

11$ 


b.  Rotation  Rate  vs.  Composition 


The  room  temperature  4-ttM  values  for  a  Ga  substituted  rare-earth 
iron  garnet  depends  upon  three  factors. 

1.  Rare  earth  contribution  to  the  net  moment 

2.  Total  gallium  content 

3.  The  distribution  of  gallium  ions  among  octahedral  and 
tetrahedral  sites. 


Fig.  5*  Predicted  room  tem¬ 
perature  Ut7Ms  vs.  gallium 
content  (x)  for  various 
equilibrium  temperatures 
( ^2 . 40EU0 . 6oGaxFe  5 -x0l2 ) • 


A  detailed  discussion  of  the  three 
factors  may  be  found  in  Von  Aul'ock.*^- 
A  computer  program^- 9  was  used  to 
predict  the  room  temperature  4ttMs  of 
various  gallium  substituted  mixed  rare 
earth  iron  garnets.  Figure  5  shows 
the  calculated  values  for  the  room 
temperature  4?rMs  of  ^^qEuq  goFe5-x 
Gax0ip  as  a  function  of  Gallium  con¬ 
tent  (x)  for  several  equilibrium  tem¬ 
peratures.  The  detailed  discussion 
of  the  parameters  involved  in  the  com¬ 
putation  is  presented  elsewhere. ^0 
Knowledge  of  any  two  of  the  variables 
(total  gallium  content,  room  tempera¬ 
ture  ^7rMs,  or  equilibrium  temperature) 
enables  determination  of  the  third  by 
use  of  Fig.  5* 

The  4ttMs  values  measured  on 
samples  obtained  from  a  melt  composi¬ 
tion  similar  to  that  in  Table  III, 

Curve  A, -were  found  to  vary  from  175 
gauss  at  4  rpm  to  255  gauss  at  80  rpm. 
These  data  were  taken  at  a  constant 
supercooling  of  19 °C  for  a  constant 
growth  time  of  20  minutes.  From  Fig.  5 
one  can  obtain  the  change  in  gallium 
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content  responsible  for  the  change  in  4*nMs  over  the  4-80  rpm  rotation 
range.  This  analysis  indicates  a  change  in  gallium  content  of  0.09 
moles  per  garnet  formula  unit  over  the  4-80  rpm  rotation  rate 'Tange. 

Figure  6  shows  the  normalized  gallium  content  vs.  growth  rate 
for  three  melts  of  nominal  composition  Y2.6s»i0.4GaxFe5-x012*  Gallium 

contents  were  normalized  to  appear  as 
continuous  gallium  changes  as  a  function 
of  increasing  growth  rate  in  order  to 
show  the  overall  behavior.  The  actual 
gallium  content  ranged  between  1.16- 
1.20  moles.  One  observes  a  constantly 
decreasing  slope  of  the  gallium  content 
vs.  growth  rate  curve  as  the  growth 
rate  increases.  The  gallium  content  of 
a  film  as  a  function  of  growth  rate  over 
the  .1  to  1  ym/min.  range  may  be  approxi¬ 
mated  by  the  following  empirical  relation: 

[Ga]  =  Aq  In  ^ ^ - -J 

where : 

[Ga]  =  gallium  content  in  moles  per 
garnet  formula  unit 
AQ  =  constant  for  particular  melt 
composition 

V  =  growth  rate  (ym/min.) 

The  value  for  AQ  found  for  the  data  presented  in  Fig.  3>  Curve  A, 
is  8.88  X  10 "2.  jf  the  data  presented  in  Fig.  6  are  used  A0  be¬ 
comes  9.618  X  10-2. 

EFFECTS  OF  GROWTH  TEMPERATURE  ON  MAGNETIC  PROPERTIES 
a.  Gallium  Content 

Figure  7  shows  the  room  temperature  4t71Y[s  vs .  growth  temperature 
for  samples  of  Y2#ly)EuoB6oFe5-xGaxOi2-  The  data  are  for  samples 
grown  at  approximately  the  same  growth  rate  of  *j0.75  yn/min.  The 
change  in  4ttMs  results  from  changes  in  the  gallium  content  of  the 
films  as  the  growth  temperature  is  lowered.  The  data  were  obtained 
by  changing  the  oxide  to  flux  ratio  in  a  single  melt.  The  value  for 
the  four  melt  concentrations  (R4)  and  the  gallium  contents  of  the 
films  (x)  were:  .132,  1.185;  .110,  1.145;  .086,  1.094;  .060,  1.060. 

The  change  in  gallium  content  between  samples  grown  at  1065°C  and 
those  grown  at  9l8°C  was  found  to  be  a0.125  moles,  with  the  samples 
grown  at  the  lower  temperature  containing  less  gallium.  This  value 
was  obtained  from  the  measured  4t71VIs  values  and  Fig.  5- 

The  distribution  coefficient  of  Ga  was  determined  for  the  com¬ 
position  Y2.4Euo.6Fe5-xGaxOi2  as  a  function  of  growth  temperature  at 
a  growth  rate  of  a0.75  pm/min.  Table  IV  shows  the  distribution  coef¬ 
ficient  of  gallium  as  a  function  of  growth  temperature  (T^),  defined 


Fig.  6.  Normalized  gallium 
content  (x)  vs.  growth  rate 
f or  y2 . 62Sm0 . 38GaxFe  5  _x0i2 . 
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Film 


(id 


as1 


21 


Ga 


Ga 


X~-  + 


Ga 


Ga 


X-  +  "Pe 


Ga 


Melt 


TABLE  IV  Distribution  Coefficient  of  Gallium 
as  a  Function  of  Temperature 


T°C 

k0a 

1065 

1.96 

1015 

1.91 

9^0 

1.82 

918 

1.76 

The  distribution  coefficient  of 
gallium  as  a  function  of  growth 
temperature  for  a  growth  rate  of 
^vO.75  MJn/min.  may  be  represented 
by  the  relation: 


Ga 


=  1.3^2xlO-3(T  °K) 

G 


+  0.175 


T  =  1100 °C 
G 


Fig.  7«  Room  temperature  4ttMs  vs.  TG  “ 

growth  temperature  for  Y2  4oEuO  60 

GaxFe5-x°12*  #  *  T*ie  distribution  coefficient  of 

gallium  is  remarkably  independent 
of  the  garnet  composition.  It  is  also  noteworthy  that  the  kGa  values 
determined  in  the  Fb0-B20o  solvents  are  within  less  than  10#  of  the 
kQa  f  s  found  for- YgFecj_xGax0]_2  in  FbO-PbF2  solvents. ^ 


b.  Growth  Induced  Anisotropy 


Samples  of  Y2.ipEuo.6GaxFe5.xOp2  were  grown  at  various  tempera¬ 
tures.  Torque  measurements  were  made  on  these  samples  before  and 
after  annealing  at  1300°C  for  1 6  hours  in  order  to  determine  the 
magnitude  of  growth  induced  anisotropy  as  a  function  of  growth  tem¬ 
perature.  Figure  8  shows  the  growth  induced  anisotropy  component  of 
the  total  anisotropy  as  a  function  of  growth  temperature.  We  point 
out  that  the  growth  induced  anisotropy  component  (KuG)  is  the  change 
in  anisotropy  before  and  after  the  high  temperature  anneal.  The 
growth  temperatures  and  differences  in  lattice  parameter  before  and 
after  annealing  for  samples  used  in  Fig.  8  were:  1065°C,  -.0004A  ; 
1015°C,  -.0008A;  940°C,  +.0001A;  9l8°C,  -.0046A.  By  using  the  mag- 
netostrictive  coefficient  given  in  Ref.  22  for  this  nominal  composi¬ 
tion,  we  calculate  that  the  maximum  lattice  constant  difference  leads 
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to  a  change  in  stress  which  would  cause  an  anisotropy  change  no  larger 
than  500  ergs/ cm3.  This  is  a  small  fraction  of  the  changes  shown  in 
Fig.  8.  The  value  of  KUG  over  the  900 -1100 °C  range  for  the  Y2  ko 
Euo#60GaxFe5^x°12  composition  may  he  approximated  hy  the  relation: 

^Growth  =  559QO  _  38>0(Tgok) 

Note  that  the  extrapolated  growth  temperature  where  no  growth  induced 
uniaxial  anisotropy  would  he  observed  is  ^1200°C.  For  comparison  the 
data  for  the  grcwth  induced  anisotropy  of  EuE^Feij.  .  3Gao .  7O12  are  also 
plotted  on  the  same  graph.  The  value  of  KUG  for  the  EuEr2Feg_xGax0p2 
composition  over  the  800-1000°C  range  may  he  approximated  hy  the 
relation  :  ' 


K  Growth  =  2.89XL05  -  2.133X102(T  °K) 

U  (j 

The  growth  induced  anisotropy  in  the  Eu:Ga:YIG  appears  to  he  more  re¬ 
fractory  to  annealing  than  that  for  the  EuEr  compound.  In  fact, 
rather  short  time  anneals  at  1200 °C  or  longer  anneals  at  1100 °C  re¬ 
move  the  growth  induced  component  in  the  EuEr  system  while  the  removal 
of  anisotropy  at  1200 °C  for  the  Eu:Ga:YIG  system  is  very  slow.  In 
order  to  obtain  reasonable  rates  one  should  anneal  at  1300°C.  A  more 

detailed  discussion  of  the  exact  experi¬ 
mental  procedure  along  with  lattice  conr 
stants  before  and  after  annealing  will 
he  presented  elsewhere?2  Calculation 
of  the  effective  magnetostriction  coef- 
ficient  (Am)  for  Y2.00S!u1.00Fe3.85 
Ga1.15G12  indicates  a  negative  value, 
of  ^O.3Xl0”G.  This  is  in  disagreement 
with  the  work  of  Giess,  et  al.23  where 
an  anomally  in  the  magneto strict ive  co¬ 
efficient  is  suggested  in  order  to  ex¬ 
plain  the  uniaxial  anisotropy  observed. 
The  present  data  show  that  Y2.lj.Eu0. 6 
Fe3.gGap.1Op2  exhibits  primarily  growth 
induced  uniaxial  magnetic  anisotropy. 

Annealing  samples  of  Y2 . lj_0Eu0 . 60 
GaxFeg_x0p2  grown  at  various  growth 
temperatures  from  9l8-1065°C  indicates 
that  the  octahedral -tetrahedral  site 
distribution  for  gallium  in  the  as -grown 
state  is  not  a  strong  function  of  the 
growth  temperature,  but  is  a  constant 
and  equal  to  the  equilibrium  distri¬ 
bution  at  1021  ±  8°C.  The  actual 
mechanism  by  which  this  unexpected 


Fig.  8.  Growth  induced 
anisotropy  vs.  growth  tem¬ 
perature  for  Y2 . 4oE‘aO .  60 

Gal .lFe3.9G12  an&  EuEr 2 
Gao . 7Fe4 . 3°12 • 


distribution  occurs  is  presently  under  investigation. 
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c .  Lead  Incorporation 


The  incorporation  of  lead  in  epitaxial  films  grown  from  FbO 
based  fluxes  have  been  reported  in  the  literature? >23, 24  increasing 
the  growth  rate  and  decreasing  the  growth  temperature  tend  to  increase 
the  amount  of  lead  incorporation.  Figure  9  shows  the  change  in  Fb 

content  for  films  of  Y2.4oEuO'  60 
GaxFe5_xOl2  grown  over  the  91&-1065°C 
range.  Samples  of  Ga:Eu:YIG  and 
Ga:Sm:YIG  grown  over  the  temperature 
range  823-1065°C  were  analysed  by 
electron  microprobe  and  by  lattice 
parameter  measurements  (correcting 
for  stress  effects).  The  electron 
microprobe  analysis  for  lead  was 
accomplished  on  a  MAC  probe  by  using 
an  accelerating  voltage  of  15*0  KeV 
and  the  FbMa  line.  Specimen  current 
was  ^.05  jjiA  with  a  depth  of  penetra¬ 
tion  of  '\0.60  pm.  The  data  indicate 
that  the  following  relation  holds 
over  the  823-1015 °C  temperature 
range  for  samples  grown  at  -v0.8  pm/ 
min. 

[Fb]  =  1.86>d6"7exp  ( 

TMPCMTUM  OF  OROWTH  *0 

where : 


Fig.  9-  Change  in  lead  con¬ 
tent  vs .  temperature  of  growth 


for  Y2.4oBu0.6o^xFe5„x012. 


[Fb]  =  lead  content  in  film 
(moles) 

R  =  Gas  constant  (cal/mole  °K) 


Electron  microprobe  analyses  on  samples  grown  at  925  °0  for  growth 
rates  of  0.635  -  1  .T^-pm/min .  show  that  increasing  the  growth  rate  in¬ 
creases  the  lead  incorporation  by  -00.015  moles  Fb/lpm/min.  growth 
rate  increase. 

A  lead  content  of  0.04  moles  per  garnet  formula  unit  corresponds 
to  'v!  weight  per  cent  lead. 


CONCLUSIONS 

Understanding  the  phase  relationships  in  the  Fb0-B20o -Garnet 
system  is  necessary  for  the  successful  growth  of  reproducible,  low 
defect  films.  The  melt  ratio  Rp  (Fe203/Ln203)  must  be  between  l4 
and  35  depending  upon  the  rare-earth  composition  in  order  to  avoid 
unwanted  phases. 

The  growth  of  epitaxial  magnetic  garnet  films  is  diffusion  con¬ 
trolled  over  the  825-950°C  temperature  range.  The  growth  rate  is 
proportional  to  the  (rotation  rate)!?  for  rotation  rates  from  4-160 
rpm.  A  diffusion  coefficient  of  8.7  X  10 “7  cm^/sec  best  represents 
the  data  at  a  growth  temperature  of  86j°C  for  a  melt  Rp  =  30. 
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The  gallium  content  (x)  of  a  film  as  a  function  of  the  growth 
rate  V  (pm/min.)  may  he  approximated  hy  the  empirical  relation: 


[Ga]  =  Aq  In 


^.185)40^  \ 

V  J 


The  value  of  AQ  is  a  function  of  the  melt  composition.  A  typical 
value  for  A0  is  9«6kLO"^. 

The  distribution  coefficient  of  gallium  as  a  function  of  growth 


temperature  for  the  composition  Y2#4oEu0.60^ax^e5-x^l2  can  rePre“ 
sented  hy  the  relation: 


kQa  =  1.3te  X  10_3(Tg°K)  +  0.175 


over  the  temperature  range  900-1 100° C  and  for  a  growth  rate  of 
^0.75pm/min. 

The  composition  Yg o ^qEuq . 60^al . lFe 3 . o°12  exhibits  growth  induced 
uniaxial  magnetic  anisotropy  which  is  a  strong  function  of  growth 
temperature  and  which  can  he  approximated  by  the  relation: 


^Growth  =  5590Q  _  38i0(Tg»k) 


Lead  incorporation  into  epitaxial  films  grown  from  the  Fb0-B202 
flux  system  increases  as  the  growth  rate  is  increased  and  as  the 
growth  temperature  is  decreased.  The  lead  content  at  a  growth  rate 
of  0.8  ym/min.  may  he  approximated  hy  the  relation: 


[Fb]  =  1.86>d0-7exp  (^7) 


Lead  incorporation  increases  the  lattice  parameter  of  the  film 
thereby  affecting  the  stress  induced  component  of  the  uniaxial 
anisotropy. 
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HIGH-DENSITY  BUBBLE  DOMAIN  SHIFT  REGISTER 


V.  Sadagopan,  M.  Hatzakis,  K.  Y.  Ahn,  T.  S.  Plaskett  and  L.  L.  Rosier 
IBM  T.  J.  Watson  Research  Center,  Yorktown  Heights,  N.  Y.  10598 

ABSTRACT 

Electron  beam  technology  (EBT)  has  been  used  to  fabricate  an 
operational. 400-bit  shift  register  with  a  density  of  3xl06  bits/in2. 
This  shift  register  was  fabricated  on  a  garnet  epitaxial  film 
supporting  4pm  bubbles.  EBT  should  be  readily  extendable  to  fabri¬ 
cate  bubble  devices  with  a  density  of  10^  bits/in^.  This  is  demon¬ 
strated  by  fabrication  of  permalloy  overlay  patterns  with  a  line 
width  of  0.3ym  (3000&)  and  a  resulting  density  of  10®  bits /in2. 

Details  of  the  fabrication  process  and  the  operational  characteris¬ 
tics  of  the  register  are  presented. 

INTRODUCTION 

The  fabrication  of  circuits  that  manipulate  cylindrical  domains 
or  bubbles  in  orthoferrite W  or  garnet  platelets has  now  been 
amply  demonstrated.  Such  circuits  utilize  a  T  bar  configuration 
of  permalloy  thin  film  placed  over  an  insulator  that  is  contact  with 
the  platelet;  the  movement  of  the  bubbles  in  the  desired  pattern  is 
achieved  by  the  application  of  a  rotating  in-plane  field  that 
alternately  magnetizes  individual  segments  of  the  circuit  and  causes 
the  bubble  to  move  from  one  stable  position  to  the  other.  The 
simplicity  of  the  fabrication  process  makes  such  circuits  attractive 
especially  for  shift  register  applications,  provided  that  high 
packing  densities  can  be  achieved.  The  packing  density,  however, 
depends  on  the  size  of  the  bubbles  that  can  be  sustained  in  the 
garnet  as  well  as  the  line  width  and  spacing  of  the  permalloy  T  bars 
that  can  be  reliably  fabricated.  With  the  recent  development  of 
garnets  that  sustain  bubbles  sizes  of  a  few  microns,  the  packing 
density  limitation  falls  primarily  on  the  permalloy  pattern  charac- 

Conventionally ,  the  perma¬ 
lloy  pattern  is  formed  by  first 
evaporating  a  blanket  film  over 
the  entire  substrate  surface, 
applying  photoresist,  exposing 
through  the  desired  mask  and 
chemically  etching  the  permalloy 
pattern.  This  process  can  be 
applied  to  etch  lines  of  5 
micron  width  or  more  and  it  is 
limited  in  general  by  under¬ 
cutting  effects  during  etching. 
Some  improvement  in  resolution 
can  be  realized  if  ion  milling 
is  used  instead  of  chemical 
etching, but  again,  the 
pattern  resolution  is  limited 


teristics. 


RESIST 

REMOVED 


EVAPORATED 
METAL 


Fig.  1.  Schematic  view  of  the 
Metallization  technique  by  evapora¬ 
ting  through  a  resist  mask. 


Reprinted  with  permission  from  Proceedings  of  the  AIP  17th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials ,  1971,  pp.  21 5-219. 
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Fig.  2.  Scanning  elec¬ 
tron  micrograph  of  the 
cross-section  of  metal 
lines  evaporated 
through  the  resist 
before  lift-off. 


in  this  case  by  the  fact 
that  the  protective 
material  is  also 
attacked  during  milling. 
A  method  of  plating 
through  a  photoresist 


mask  (KTFR)  has  been 

used  recently  by  Reekstin(^)  to  define  the  highest  resolution  perma¬ 
lloy  pattern  to  date.  This  method  produced  linewidths  of  2  microns 
and  a  packing  density  of  2.8xl06  bits /in2.  In  this  case,  the  resolu¬ 
tion  is  limited  by  the  photolithographic  technique  which  employs  a 
mask  in  contact  with  the  photoresist  layer.  We  report  here  a  method 
that  uses  electron  beam  exposure  of  methacrylate  resist  to  fabricate  a 
shift  register  with  densities  of  3xl06  bits/in2  and  demonstrate  the 


superior  resolution  characteristics  of  our  process. 


GARNET  FILM  FABRICATION 


The  films  were  grown  by  the  LPE  technique  similar  to  that 
described  by  Linares and  Shick  et  al.(6)  Growth  took  place  at 
about  850°C  from  PbO-B203  fluxes  on  specially  prepared  Gd3Ga50^2 
substrates.  The.  nominal  composition  of  the  films  was 
Eu0. 5Y2. 5Ga1.0Fe4.0°12*  In  this  system,  the  magnetic  anisotropy 
necessary  for  bubble  stability  was  stress-induced.  The  film  thick¬ 
ness  was  about  3-5ym. 


DEPOSITION  OF  ZnO  SPACER 


Among  the  various  dielectrics  examined  for  spacer  applications, 
ZnO  was  found  compatible  with  both  garnet  and  permalloy  films.  RF 
sputtering  techniques  were  used  to  deposit  approximately  3000^  thick 
ZnO  films  on  to  the  garnet  films.  The  ZnO  films  were  transparent 


ELECTRON  BEAM  EXPOSURE  OF  RESIST 

Poly  (methyl-methacrylate)  resist  abbreviated  to  "methacrylate" 
has  been  developed  in  our  laboratories  primarily  for  semiconductor 
fabrication  and  its  operational  features  have  been  discussed  in 
detail  elsewhere(^» .  One  of  the  major  advantages  of  this  resist 
is  that  the  developed  layer  can  be  used  as  a  mask  for  metal  evapora¬ 
tion  or  other  forms  of  deposition  thereby  eliminating  the  need  for 
chemical  etching  to  define  a  metallic  pattern.  The  metallization 
process  is  shown  schematically  in  Fig.  1.  Note  that  the  undercut  in 
the  developed  resist  pattern  caused  by  electron  scattering  in  the 
resist  allows  metal  evaporation  of  up  to  80%  of  the  resist  thickness, 
while  maintaining  a  discontinuity  between  the  metal  in  the  slot  and 
the  metal  on  top  of  the  resist.  This  discontinuity  makes  it  possible 
to  lift  off  the  remaining  resist  after  evaporation  and  the  metal  over 
it,  without  any  tearing  off  from  the  desired  metal  pattern.  Fig.  2 
shows  an  actual  cross  section  of  two  lines  in  resist  after  the  metal 
evaporation  and  before  lift  off.  The  techniques  can  be  applied  to 
other  forms  of  metallization  such  as  plating  or  sputtering.  The 
resolution  obtained  with  the  lift-off  technique  is  limited  only  by 
beam  scattering  in  the  resist  so  that  10008  line  widths  can  be  easily 
defined^).  Fig.  3  is  a  scanning  electron  micrograph  of  such  a 
10008.  grid  pattern  made  with  the  lift-off  technique  on  a  silicon 
wafer.  The  metal  thickness  depends  on  the  line  width  and  in  general 
lines  with  one-to-one  height  to  width  ratio  can  be  easily  obtained. 

In  the  present  study,  the  lift-off  technique  has  been  used  to 
fabricate  T  and  I  bar  patterns  and  circuits  using  both  evapora¬ 
tion  and  RF  sputtering  as  a  means  of  deposition  of  the  permalloy 
film.  A  comparison  between  the  evaporated  and  sputtered  permalloy 
films  indicate  that  the  latter  has  better  adhesion  to  the  substrate 
than  the  evaporated  films .  . 

The  sample  preparation  before  metallization  is  carried  out  as 
follows:  After  the  ZnO  deposition,  the  sample  is  coated  with  metha¬ 
crylate  resist  by  spinning.  The  resist  is  dissolved  in  methyl- 
isobutyl-ketone  in  concentrations  depending  on  the  resist  layer 
thickness  desired.  For  a  4000&  thickness  used  in  these  experiments, 
a  7%  solution  was  used.  Uniform  coating  is  accomplished  by  first 
spinning  the  sample  at  4000  r.p.m.  and  then  allowing  three  drops  of 
the  resist  solution  to  fall  on  the  sample  in  quick  succession. 
Following  coating,  the  sample  is  baked  at  160°C  for  15  minutes  and 
after  cooling  a  thin  layer  of  aluminum  (^400-600^)  is  evaporated 
on  to  the  resist  to  prevent  charging  of  the  sample  during  the 
electron  beam  exposure.  The  sample  is  then  placed  in  the  E.  beam 
system  and  the  desired  pattern  is  exposed  on  the  resist.  The  beam  of 
1000&  spot  size  under  the  control  of  an  optical  scanner  is  rastered 
over  the  required  area  of  the  sample.  The  optical  scanner  provides 
the  desired  nattern  through  an  8.5x11  inch  transparency  as  described 
elsewhere.^)  The  beam  charge  density  used  for  proper  resist 
exposure  was  8xl0“5  coul/cm2  at  15KV.  After  exposure,  the  sample 
is  removed  from  the  system  and  the  aluminum  layer  is  etched  away  by 
immersion  in  10%  solution  of  sodium  hydroxide  in  water.  Resist 
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development  is  accomplished  by  soaking  in  a  solution  of  3  parts 
of  isopropyl  alcohol  and  one  part  of  methyl- isobutyl-ketone  for  one 
minute.  The  sample  is  then  sprayed  with  isopropyl  alcohol  before 
drying.  At  this  stage,  the  sample  is  ready  for  the  metallization. 

PERMALLOY  OVERLAYS  AND  BUBBLE  PROPAGATION 


The  deposition  of  the  permalloy  film  was  carried  out  by 
vacuum  evaporation  at  a  pressure  of  10“?  torr.  The  source  compo¬ 
sition  was  81%  Ni-19%  Fe  and  the  evaporation  rate  approximately 
loX/sec  at  a  source- to-substrate  distance  of  30  cm.  Care  must  be 
taken  to  keep  the  substrate  surface  at  a  temperature  not  exceeding 
100°C  during  evaporation;  otherwise,  overheating  tends  to  distort 
the  pattern  and  eventually  eliminates  the  undercut  in  the  developed 
resist  lines,  which  in  turn  makes  lift-off  impossible  as  a  result 
of  the  metal  in  the  lines  becoming  continuous  with  the  metal  layer 
over  the  resist.  After  evaporation,  the  sample  is  removed  from  the 
evaporator  and  is  immersed  in  hot  trichlor ethylene  until  the  metal 
layer  is  completely  removed.  In  some  cases,  ultrasonic  agitation 
is  necessary  to  completely  clean  the  pattern.  Fig.  4  is  an  optical 
micrograph  of  the  complete  circuit  while  Fig.  5  is  a  magnified  view 
of  a  portion  of  the  pattern,  where  the  minimum  line  width  is 
slightly  less  than  2  microns.  The  permalloy  layer  thickness  is 
1750&.  The  static  properties  of  the  permalloy  films  are:  H  =  3.5  Oe 

and  H,  =  5.0  Oe.  c 

k 

A  400-bit  shift  register  with  a  T  and  I  bar  periodicity  of 
14pm  has  been  fabricated  by  the  above  procedures  to  propagate  4ym 
bubbles  in  Euo.5Y2.5Gai,oFe4.00l2  garnet  films  at  speeds  of  100kHz 
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Fig.  4.  Overall  view  of  the  3x10  bits/in 
shift  register  fabricated  with  E  beam 
exposure  of  methacrylate  resist  and 
evaporation  of  permalloy. 


at  a  rotating  drive  field 
of  30  Oe.  The  period¬ 
icity  of  the  T  and 
I  bar  pattern  was  14ym 
which  corresponds  to  a 
density  of  3xl0^bits/in^. 
The  technique  described 
above  was  also  used  to 
fabricate  permalloy 
patterns  on  glass  sub¬ 
strates  with  linewidths 
of  0.3ym  (3000&) .  A 
scanning  electron  micro¬ 
graph  of  part  of  the 
pattern  is  shown  in 
Fig.  6.  Note  that  such 
a  pattern  when  made  on  a 
suitable  garnet  would 
result  in  a  density  of 
10®  bits/in^.  Developed 
resist  patterns  prepared 
as  described  previously 
on  glass  substrates, 
have  also  been  used  for 


RF  sputter  deposition  of 


shown  in  Fig.  4.  Metal  line  ,  ' 

width  is  1.9  pm.  Fig’  6#  ScanninS  electron  micrograph 

of  a  section  of  the  10°  bits/in^ 
structure. 

permalloy  film.  It  was  found  that  the  adhesion  of  such  films  to  the 
substrate  was  superior  to  the  evaporated  films. 


CONCLUSIONS 


A  fabrication  procedure  has  been  described  to  realize  high 
density  circuits  for  the  propagation  of  domains  in  the  magnetic 
bubble  devices.  Bubbles  have  been  propagated  in  a  400-bit 
operational  shift  register,  where  densities  of  3xl06  bits/in2  have 
been  achieved.  The  feasibility  of  obtaining  a  density  as  high  as 
1x10°  bits /in2  has  been  demonstrated  through  the  fabrication  of 
permalloy  patterns  with  linewidths  of  0.3ym  on  glass  substrates. 
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ION  IMPLANTED  PATTERNS  FOR  MAGNETIC  BUBBLE  PROPAGATION 

R.  Wolfe ,  J.  C.  North,  W.  Ae  Johnson,  R.  R.  Spiwak, 

L.  J.  Yarnerin  and  R.  F.  Fischer 

Bell  Laboratories,  Inc.,  Murray  Hill,  New  Jersey  0797^ 

ABSTRACT 

Localized  ion  implantation  through  photoresist  masks  has  been 
used  to  produce  rails  which  guide  bubbles  in  garnet  epitaxial  films. 
Implantation  expands  the  lattice  so  that  the  implanted  regions  are 
in  lateral  compression.  In  garnets  with  negative  magnetostriction, 
these  shallow  regions  have  stress-induced  easy  axes  parallel  to  the 
film  surface.  Bubbles  adhere  to  the  edges  of  the  implanted  regions 
due  to  magnetostatic  and  magneto strict ive  effects.  Using  overlaying 
conductor  patterns,  bubbles  in  these  tracks  have  been  propagated  at 
frequencies  up  to  600  kHz.  No  harmful  effects  on  mobility  or 
coercivity  have  been  observed  and  "hard  bubbles”  are  suppressed 
under  the  implanted  regions. 

Ion  implantation  also  provides  a  new  method  of  producing  field- 
access  bubble  propagation  patterns  directly  in  garnet  films.  The 
in-plane  magnetization  in  the  implanted  regions  can  be  rotated  by 
an  in-plane  applied  field.  Bubbles  in  the  underlying  garnet  follow 
the  moving  poles  at  the  edges  of  the  implanted  regions.  The 
implanted  layer  thus  takes  the  place  of  a  superimposed  Permalloy 
pattern.  Propagation  at  100  kHz  rate  has  been  achieved  in  a  35  0e 
rotating  field  using  a  simple  repeated  half  circle  pattern  implanted 
with  protons  (2XL0^vcm?  at  100  keV  in  YGdTmFe4.3G'9'0.7^12)  •  This 
propagation  method  requires  no  metallization,  leaves  the  surface  of 
the  film  planar  and  allows  clear  optical  viewing  of  the  propagating 
bubbles. 


INTRODUCTION 

The  magnetic  anisotropy  of  magnetic  garnets  can  be  altered  by 
ion  implantation.  Lattice  damage  caused  by  the  bombarding  ions 
causes'  a  local  expansion  of  the  garnet  lattice.1  The  thin  implanted 
layer  is  constrained  from  expanding  in  directions  parallel  to  the 
surface  by  the  much  greater  thickness  of  underlying  material,  and 
the  implanted  layer  is  therefore  placed  in  a  state  of  lateral  com¬ 
pression.  In  the  present  experiments,  epitaxial  (ill)  films  of 
magnetic  garnet  with  negative  magnetostriction  (\m  <  0)  were 
used.  These  bubble -supporting  films  had  easy  axes  perpendicular  to 
the  surface  because  of  growth-induced  plus  stress -induced  anisot¬ 
ropy.  The  compression  in  the  implanted  layer  was  sufficient  to 
overcome  the  total  anisotropy,  resulting  in  an  easy  plane  of  mag¬ 
netization  parallel  to  the  surface . 

It  has  previously  been  shown^  that  such  ion  implantation  over 
a  broad  area  eliminates  "hard  bubbles"  in  the  garnet  film  by  pro¬ 
viding  a  90°  wall  over  the  top  of  each  bubble.  In  this  paper,  we 
describe  two  distinct  methods  of  magnetic  bubble  propagation  which 


Reprinted  with  permission  from  Proceedings  of  the  AIP  18th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials,  1972,  pp.  339-343. 
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have  been  achieved  utilizing  ion  implanted  patterns  in  garnet  films. 

ION  IMPLANTED  RAILS 

Implanted  patterns  are  produced  by  using  photoresist  masks  to 
stop  the  ions  before  they  reach  the  garnet  in  those  areas  where  no 
implantation  is  desired.  The  penetration  depth  of  implanted  ions 
depends  upon  the  material  of  the  target,  the  ions  used,  and  their 
energy.  As  an  example,  a  typical  photoresist  film  of  AZ1350H  which 
is  1.5 Mm  thick  completely  stops  100  keV  protons.  Where  there  is  no 
photoresist,  100  keV  protons  will  penetrate  ^oO. 6 Mm  into  the  garnet 
film.  Therefore,  implanted  layers  up  to  ^0.6Mm  thick  can  be  pro¬ 
duced  using  photoresist  alone  as  a  mask,  and  the  resolution  obtain¬ 
able  is  limited  only  by  available  photolithographic  techniques.  For 
thicker  layers  requiring  higher  energies,  metal  films  can  be  used 
as  implantation  masks . 

A  simple  ion  implanted  pattern  is  shown  in  Fig.  1.  The  6Mm 
thick  LPE  film  of  the  magnetic  garnet  Yq.oM^QTmq.oFe^Gao/yO;^ 

was  grown  on  a  (ill)  Gd3Ga^0]_2 
substrate  and  was  implanted 
through  a  photoresist  mask  with 
2X10^5  protons/cm^  at  100  keV. 

The  normal  bubbles  in  the  unim¬ 
planted  area  collapsed  at  100 
Oe,  and  all  bubbles  in  the  im¬ 
planted  area  away  from  the  edge 
collapsed  at  103  0e.  The  bubbles 
with  the  highest  collapse  field 
are  those  which  adhered  to  the 
implanted  sides  of  the  boundary 
lines  between  implanted  and  un¬ 
implanted  areas.  The  bubbles 
adhering  to  one  such  boundary 
collapsed  at  107  0e.  The 
bubbles  which  were  simultane¬ 
ously  adhering  to  two  edges, 
either  parallel  or  perpendi¬ 
cular,  collapsed  at  109  Oe. 

The  energy  minimum  at  an  im¬ 
plantation  edge  which  causes 
the  observed  adherence  and 
raised  collapse  field  is  due  to  two  effects.  First,  the  bubble 
supporting  layer  is  thinner  under  the  implanted  layer  than  in  the 
unimplanted  area  and  this  step  in  thickness  is  the  origin  of  a 
magnetostatic  force,  analogous  to  that  described  for  etched  grooves, 3 
which  attracts  the  bubbles  to  the  edge.  Second,  the  stress  gradient 
at  the  edge  of  the  implanted  area  gives  rise  to  a  sharp  energy  mini¬ 
mum  for  a  domain  wall  on  the  implanted  side  of  the  edge  and  a  maxi¬ 
mum  on  the  unimplanted  side  through  interactions  with  the  negative 
magnetostriction  tensor. ^  Although  the  stress  distribution  is 
symmetrical  on  the  two  sides  of  each  implanted  strip,  the  magneto- 
strictive  effect  will  be  asymmetrical,  unless  the  edge  lies  in  a 


♦/'  ,7**' \  I”'  *•'' 

>  '4  ,  v  '  .  * 

i'- :  4 

t  •  ♦ 

*  • 


fOO/im 

Fig.  1.  Magnetic  bubbles  adhere 
to  the  edges  of  ion  implanted 
regions  of  an  LPE  magnetic  garnet 
film.  The  slightly  darkened 
regions  have  been  implanted,  with 
2XL0^  protons/cm^  at  100  keV. 
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mirror  plane  in  this  cubic  crystal.  This  may  account  for  the  fact 
that  the  collapse  field  was  slightly  higher  (^0.5  Oe)  on  one  side'  of 
each  stripe.  Bubbles  can  be  moved  along  these  edges  with  a  magnetic 
probe . 
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Figure  2  shows  an  implanted  ser¬ 
rated  track  pattern.  This  pattern  was 
originally  designed  for  conductor- 
groove  propagation. 3  The  edges  pro¬ 
vide  the  track  to  guide  the  bubbles 
•and  the  serrations  produce  an  offset 
force  which  gives  directionality  to 
the  propagation  produced  by  a  single 
serpentine  current  conductor.  As 
shown  in  Fig.  2,  the  bubbles  adhere  to 
the  points  of  the  serrations  of  the 
implanted  track  whereas  the  stable 
position  is  in  the  valleys  of  chemi¬ 
cally  edged  grooves.  This  effect  may 
be  due  to  the  enhanced  stress  gradi¬ 
ents  at  the  points  of  the  implanted 
track.  In  response  to  an  alternating 
current  in  an  overlay  circuit,  as 
sketched  in  Fig.  2,  these  bubbles 
propagate  to  the  right  because  of  the 
offset  provided  by  the  points  of  the 
serrations.  In  an  etched  groove  with 
the  same  configuration,  bubbles  propa¬ 
gate  to  the  left. 

Bubbles  have  been  propagated  com¬ 
pletely  around  such  serrated  patterns 
with  currents  from  10  to  30  ma  in  the  gold  conductor.  Along  straight 
sections,  the  rate  of  propagation  was  as  high  as  600  kHz,  limited 
only  by  the  mobility  of  the  material.  The  threshold  current  for 
propagation  varied  from  6  to  1 6  ma  as  the  proton  dose  was  increased 
from  1  to  5xL0^-°/cm^,  since  the  offset  force  at  the  serration  points 
increases  with  dose. 


Fig.  2.  Serrated  track,  ion 
implanted  through  a  photo¬ 
resist  mask,  as  in  Fig.  1. 
Bubbles  are  attracted  to  the 
tips  of  the  pattern  and  are 
propagated  to  the  right  by 
alternating  current  pulses 
in  the  serpentine  conductor, 
as  sketched. 


INTEGRATED  DRIVE  PATTERNS  FOR  FIELD  ACCESS  PROPAGATION 

Bubbles  adhering  to  the  edges  of  circular  implanted  regions  are 
shown  in  Fig.  3s.  The  last  bubbles  to  collapse  as  the  bias  field  is 
raised  are  in  three  positions  related  to  the  (ill)  symmetry  of  the. 
LPE  film.  As  shown  in  Fig.  3a,  the  three  minimum  energy  positions 
have  the  same  orientations  for  circles,  which  have  been  implanted 
either  inside  (center  of  the  pattern)  or  outside  (satellite  circles). 
Also,  the  positions  are  the  same  if  the  polarity  of  the  bubbles  is 
reversed.  This  behavior  is  not  understood  in  detail,  but  at  least 
part  of  the  3 -fold  symmetry  arises  from  the  anisotropy  of  the 
magnetostriction  tensor. 

If  a  magnetic  field  is  applied  parallel  to  the  surface  of  the 
film,  it  lines  up  the  parallel  magnetization  in  the  implanted  layer, 
producing  poles  at  the  edges  of  implanted  features.  These  poles 
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Fig.  3a.  Bubbles  adhering  to 
ion  implanted  circles  prefer 
three  positions,  determined 
by  the  crystallographic 
symmetry  of  this  (ill)  film. 
The  black  regions  are  photo¬ 
resist,  darkened  by  the  im¬ 
plantation.  The  grey  regions 
are  implanted  with  6xL0l6 
protons /cm?  at  100  keV . 


Fig.  3b.  Same  as  Fig.  3a, 
with  in-plane  field  of  15  0e 
applied  as  shown.  As  the 
bias  field  is  increased,  the 
last  bubble  to  collapse  on 
each  circle  is  determined  by 
the  direction  of  the  in-plane 
field.  When  this  field  is 
rotated,  each  bubble  rotates 
around  its  circle. 


attract  or  repel  the  bubbles,  and  as  the  in -plane  field  is  rotated, 
bubbles  follow  these  poles  around  circles  such  as  those  in  Fig.  3b. 
With  small  rotating  fields  (^8  Oe  for  the  material  and  implant  con¬ 
ditions  described  above)  bubbles  jump  from  one  of  the  three  energy 
minima  to  another  around  the  circle.  In  a  larger  rotating  field 
(>  20  Oe)  bubbles  rotate  smoothly  around  each  circle. 

If  the  bubble  following  the  in-plane  field  is  on  the  right  side 
of  an  inside -implanted  circle,  (just  as  it  would  be  at  the  edge  of 
a  Permalloy  disc)  then  a  bubble  will  also  be  on  the  right  side  of 
each  outside-implanted  circle.  This  is  contrary  to  expectation  if 
the  implanted  layer  were  saturated  by  the  in-plane  field.  Appar¬ 
ently,  reverse  closure  domains  are  formed  on  the  outside -implanted 
circles,  and  these  provide  the  magnetic  poles  which  attract  the 
bubbles.  This  hypothesis  was  verified  by  increasing  the  horizontal 
field  to  ^150  Oe.  Bubbles  were  still  attracted  to  the  right  side  of 
the  inside  implanted  circle,  but  they  were  repelled  from  the  right 
side  of  the  outs ide -implanted ' circles  and  attracted  to  the  left  side, 
as  expected  when  the  closure  domains  are  eliminated. 

A  simple  propagation  pattern  consisting  of  a  chain  of  contiguous 
circles  25M-m  in  diameter  is  shown  in  Fig.  4.  A  bubble  propagated 
completely  around  such  patterns  at  low  speeds  in  rotating  fields  of 
15  Oe.  Over  short  straight  sections  of  these  patterns,  high  speed 
propagation  (up  to  100  kHz)  has  been  achieved  in  a  rotating  field  of 
35  Oe  comparable  to  the  fields  used  with  T-bar  Permalloy  overlay 
circuits.  The  implanted  garnet  layer  is  comparable  in  thickness  with 
the  Permalloy  used  in  typical  T-bar  circuits,  but  its  saturation 
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magnetization  is  about  50  times  smaller.  However,  the  Permalloy 
structures  are  far  from  saturated  in  the  drive  fields  used,  and  the 
coupling  to  the  implanted  garnet  patterns  is  much  stronger. 


Fig.  4.  Integrated  ion  implanted  bubble  pro¬ 
pagation  circuit.  In  a  clockwise  rotating  in¬ 
plane  field,  bubbles  propagate  completely  around 
the  pattern,  clockwise  on  the  outside,  counter¬ 
clockwise  on  the  inside.  Dose  and  colors  as  in 
Fig .  3 • 


CONCLUSIONS 

Bubble  propagation  circuits  require  first,  a  means  for  defining 
a  path  along  which  the  bubbles  will  move,  and  second,  local  field 
gradients  to  force  the  bubbles  along  this  path.  Ion  implanted  pat¬ 
terns  in  magnetostrictive  garnets  can  provide  both  of  these  require¬ 
ments.  For  conductor  propagation,  ion  implanted  tracks  may  be  pre- 
ferrable  to  etched  grooves  because  the  surface  of  the  film  remains 
planar,  and  processing  is  simplified.  For  field  access  circuits, 
processing  is  again  simplified,  Permalloy  propagation  patterns  are 
eliminated  and  there  is  no  metallization  to  obscure  optical  viewing 
or  display  of  the  propagating  bubbles . 
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Defects  in  Garnets  Suitable  for  Magnetic 
Bubble  Domain  Devices 

P.  CHAUDHARI 


Abstract  —  A  review  of  some  of  the  defects  that  influence 
magnetic  bubble  domain  motion  is  presented.  The  defects  are 
catalogued  and  their  origin  and  control  are  briefly  discussed. 
A  technique  for  staining  defects  by  magnetic  bubbles  is  des¬ 
cribed.  The  advantages  of  this  technique  over  the  stripe 
domain  approach  are  listed.  Examples  of  defects  stained  by 
the  bubble  raft  technique  are  presented. 

The  use  of  garnets  for  magnetic  bubbles  has  stimulated  a 
considerable  amount  of  effort  in  understanding  and  eliminating 
magnetically  active  defects.  Currently,  the  level  of  defects  in 
films  produced  in  this  laboratory  and  elsewhere  [ljrange  from 
a  few  to  102  defects  per  square  centimeter.  In  this  brief  note 
we  review  and  catalog  the  nature  of  defects  and  the  status  of 
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our  understanding  of  the  origin  of  defects  in  garnet  sub¬ 
strates  and  films.  We  shall  also  consider  the  magnetic  domain 
techniques  used  for  staining  defects  in  these  materials. 

This  review  is  limited  to  defects  generated  during  and  up  to 
steps  leading  to  film  fabrication  that  are  common  to  a  variety 
of  film  growth  techniques.  It  does  not  include  details  of  de¬ 
fects  which  are  uniquely  characteristic  of  a  particular  tech¬ 
nique.  It  also  does  not  consider  defects  introduced  during 
device  fabrication  such  as  the  metallurgy  of  the  overlay  or 
improper  design  of  the  drive  pattern. 

ORIGIN  OF  DEFECTS 
A.  Substrate  Crystal 

The  fabrication  of  a  magnetic  film  suitable  for  bubble 
domain  devices  requires  epitaxial  growth  on  a  suitable  sub¬ 
strate.  The  processing  steps  are  comprised  of  substrate  crystal 
growth,  substrate  processing  such  as  polishing,  etc.,  and  film 
growth.  A  commonly  used  substrate  is  Gd3Ga5012  garnet 
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Fig.  1. 


An  example  of  a  cored  GGG  substrate.  Crystals  grown  by  the 
Czochralski  technique  along  a  <11 1>  direction.  The  crystal 
is  sectioned,  polished,  and  viewed  in  transmission.  The  three¬ 
fold  symmetry  in  the  center  of  the  crystal  and  the  outer 
growth  rings  are  to  be  noted.  Mag.  20X . 


(a)  (b) 

Fig.  3.  An  example  of  an  iridium  inclusion  in  a  GGG  crystal,  (a)  Iridium 
precipitate  is  in  the  center  along  the  axis  of  the  strain  contrast 
visible  in  a  birefringence  micrograph.  Mag.  40X .  (b)  Microprobe 
trace  of  the  same  precipitate  brought  to  the  surface  by  re¬ 
peated  polishing  and  etching.  The  y  axis  represents  IrMa 
intensity  in  arbitrary  units  and  the  x  axis  position  along  the 
surface  of  the  crystal. 


Fig.  2.  An  example  of  a  cored  GGG  substrate  with  and  without  film. 
The  effect  of  the  coring  and  faceting  has  little  apparent 
influence  on  the  stripe  domains.  Mag.  20X . 


crystal.  This  crystal  is  grown  by  the  Czochralski  technique  and 
defects  common  to  this  technique  are  frequently  observed  in 
these  crystals.  A  considerable  body  of  data  exists  in  growing 
garnets  by  the  Czochralski  technique.  These  crystals  are  also 
used  as  laser  materials. 

Some  of  the  common  defects  that  influence  magnetic 
bubble  devices  are  coring,  inclusions,  voids,  and  faceting. 
Coring  manifests  itself  as  composition  fluctuations,  and  these 
in  turn  can  lead  to  strain  fluctuations  in  the  substrate.  The 
influence  of  this  in  bubble  domain  devices  can  be  detrimental, 
particularly  in  those  garnet  systems  where  strain  induced 
uniaxial  anisotropy  is  important.  Examples  of  cored  sub¬ 
strates  are  shown  in  Figs.  1  and  2.  These  are  (111)  substrates 
and  the  threefold  symmetry  is  clearly  evident.  The  dark 
striae  indicate  periodic  lattice  parameter  gradients  in  the 
specimen.  These  can  lead  to  periodic  variations  in  the  mag¬ 
netic  anisotropy  energy  of  the  epitaxial  film  grown  on  it. 
Coring  is  undesirable  in  systems  where  the  uniaxial  anisotropy 
is  primarily  stress  induced.  In  growth  induced  systems,  coring 
is  not  as  detrimental.  It  can  be  eliminated  by  controlling  the 
crystal  growth  conditions  such  as  rotation  and  pulling 
rate. [2,3] 


Fig.  4.  Low  magnification  birefringence  micrograph  of  a  cut  and 
coarsely  polished  GGG  substrate.  The  precipitates  are  readily 
identified  by  their  birefringence  contrast.  Mag.  2.5X . 


Inclusions  in  crystals  can  arise  from  a  variety  of  sources.  In 
garnets  which  are  grown  at  temperatures  of  approximately 
1800°C,  the  presence  of  inclusions  can  be  particularly  harm¬ 
ful,  as  there  are  wide  temperature  differences  between  the 
growth  and  operating  temperature  of  the  device.  Due  to  dif¬ 
ferential  thermal  expansion  between  inclusion  and  the  matrix 
garnet,  large  strains  can  be  produced.  The  range  of  significant 
influence  of  these  strains  may  be  several  orders  of  magnitude 
larger  than  the  size  of  the  inclusions.  Also,  if  a  segment  of  the 
inclusion  is  at  the  surface  it  may  lead  to  a  loss  of  epitaxy  dur¬ 
ing  the  film  growth  process.  In  the  case  of  garnets,  inclusions 
are  either  the  sub  oxides  or,  more  frequently,  iridium.  The 
latter  is  introduced  from  the  crucible  and  is  fairly  common  in 
garnets  grown  by  the  Czochralski  technique.  An  example  is 
shown  in  Fig.  3(a)  along  with  a  microprobe  trace  (Fig.  3(b)) 
obtained  from  such  a  particle  brought  close  to  the  surface  by 
polishing  and  etching.  The  strain  field  associated  with  an 
iridium  inclusion  can  be  detected  by  birefringence  techniques. 
This  can  be  seen  in  Figs.  3(a)  and  4.  In  garnets  the  frequently 
observed  strain  fields  can  be  classified  into  two  broad  cate¬ 
gories:  a  strain  field  pattern  with  a  sixfold  axis  of  rotation, 
and  another  with  a  twofold  axis  of  rotation.  These  two  classes 
arise  from  the  difference  in  relaxation  of  elastic  strains  by 
plastic  flow.  The  strain  field  is  sufficiently  intense  near  the 
inclusion-matrix  interface  that  dislocations  are  generated 
during  cooling  of  the  crystal.  If  dislocation  generation  is 
equally  efficient  in  the  three  equivalent  dislocation  planes,  the 
residual  elastic  strain  pattern  shows  sixfold  symmetry,  if, 
however,  a  particular  plane  is  preferred,  the  resultant  strain 
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W  (b) 


Fig.  5.  Dislocation  distribution  around  a  precipitate  particle  (from 
Ref.  4).  (a)  Dislocation  motion  is  on  three  equivalent  sets  of 
planes.  Mag.  700X.  (b)  Dislocation  motion  on  one  set  is  pre¬ 
ferred.  The  dislocations  are  visible  as  lines,  and  the  dark 
periodic  contrast  in  the  background  is  associated  with  etch  pits 
on  the  surface.  Mag.  68X . 


(c)  (d) 


Fig.  6.  Dislocation  loops  around  a  precipitate,  (a)  Schematic  re¬ 
presentation.  (b)  Crystal  rotated  leading  to  a  loop  plane 
parallel  to  surface,  (c)  Example  of  dislocation  loops  around 
precipitate  (triangular  shaped).  The  loops  have  elliptical  shape 
due  to  crystallographic  influences.  Mag.  200X.  (d)  Etch  pits  on 
either  side  of  precipitate  with  complimentary  etch  pits  on  the 
other  surface  of  crystal  which  is  out  of  contrast.  Mag.  62. 5X. 
Fig.  6(c)  and  (d)  from  Ref.  4. 

pattern  shows  the  twofold  axis  of  symmetry.  An  example  of 
dislocation  distribution  around  a  precipitate  is  shown  in 
Fig.  5(a,b).  The  dislocations  can  be  identified  either  by  their 
etch  pits  or  by  suitable  birefringence  experiments.  An  analysis 
of  the  plane  on  which  the  dislocations  lie  has  been  carried 
out  and  they  are  found  to  be  {ill}  and  { 112}.  The  disloca¬ 
tions  are  generated  as  loops  around  the  matrix.  [4] 

A  schematic  drawing  illustrating  a  set  of  dislocation  loops 
generated  around  a  particle  is  shown  in  Fig.  6(a).  The  loops 
appear  to  be  elliptical  as  they  lie  on  three  sets  of  {ill}  planes, 
if  the  crystal  is  rotated  so  that  one  of  the  dislocation  loop 
planes  is  used  as  a  projective  plane,  one  of  the  set  appears 
approximately  circular  and  the  other  two  elliptical.  This  is 
shown  schematically  in  Fig.  6(b).  An  example  of  such  a  loop 
is  shown  in  Fig.  6(c).  The  presence  of  loops  implies  that  a 


crystal  sliced  at  an  angle  to  the  loop  can  have  two  pairs  of 
intersections  of  the  dislocation  line  with  the  surfaces  of  the 
crystal.  An  example  of  pairs  of  etch  pits  is  shown  in  Fig.  6(d). 
The  top  surface  etch  pits  are  in  focus,  while  the  bottom  pair  is 
not.  The  precipitate  particle  can  be  seen  in  the  center. 

The  iridium  inclusions  are  plate  shaped  and  frequently  lie 
parallel  to  the  growing  plane.  The  shape  of  the  inclusion  in¬ 
fluences  the  strain  field  in  the  crystal,  and  we  expect  the 
strain  to  be  a  maximum  in  the  plane  of  the  inclusion  rather 
than  normal  to  it.  This  is  the  reason  why  relatively  few  dis¬ 
locations  lying  in  the  (111)  plane  parallel  to  the  growth  plane 
are  expected  and,  indeed,  observed. 

A  dislocation  line  which  intersects  the  surface  of  the  sub¬ 
strate  will  propagate  through  the  film  during  its  formation. 
Subsequently,  this  dislocation  can  lead  to  interfacial  disloca¬ 
tions  if  the  geometrical  conditions  are  favorable.  It  can  also 
lead  to  the  formation  of  an  etch  pit  on  the  surface  of  the  film. 
Although  these  are  discussed  in  greater  detail  in  a  later  section, 
it  is  important  to  note  that  both  an  etch  pit  or  an  array  of 
dislocations  can  hinder  bubble  motion  and  are  therefore  un¬ 
desirable  from  a  device  standpoint.  It  is  evident  that  iridium 
inclusions  are  undesirable  both  due  to  the  dislocation  cloud 
that  invariably  surrounds  it  and  due  to  the  strain  field.  The 
latter,  as  in  the  case  of  coring,  becomes  a  particularly  im¬ 
portant  consideration  where  the  magnetostriction  constants 
are  large.  These  lead  to  a  change  in  magnetic  properties.  The 
iridium  content  in  the  melt  is  believed  to  be  influenced  by  the 
oxygen  partial  pressure. [2,3]  It  is  suggested  that  the  iridium 
metal  oxidizes  to  form  iridium  oxide  which  dissolves  in  the 
melt  and  subsequently  precipitates  out  as  the  metal.  This  may 
explain  why  the  iridium  inclusions  always  have  well-developed 
facets.  In  the  usual  Czochralski  crystal  growth  equipment 
used  for  garnets,  RF  heating  is  employed,  and  in  the  conven¬ 
tional  crucible  design  the  outer  zones  of  the  melt  are  hotter 
than  the  central  part.  This  would  lead  to  iridium  dissolution 
at  the  oxide  or  metal  at  the  hotter  zone  and  precipitation  in 
the  relatively  cooler  zone  at  the  center  of  the  crucible  where 
the  crystal  is  growing.  Iridium  content  in  the  crystal  can  be 
minimized  either  by  controlling  the  partial  pressure  of 
oxygen [2, 3, 5]  or  by  changing  the  heat  flow  pattern  in  the 
crucible.  This  also  influences  the  fluid  flow  pattern  in  the  melt. 

Other  than  iridium  inclusions,  crystals  can  contain  in¬ 
clusions  generated  from  the  insulation  material  either  by 
spalling  of  the  latter  during  temperature  cycling  or  by  the 
“dust”  that  may  be  generated  by  convection  currents  in  a 
system.  The  effects  of  these  inclusions  are  similar  in  nature  to 
the  iridium  and  therefore  are  not  discussed  in  detail  here. 

Facets  or  notches  on  the  crystal  surface  can  lead  to  in¬ 
homogeneous  strain  distribution.  This  occurs  when  the  crystal 
is  cooled  nonuniformly.  The  heat  flow  pattern  during  growth 
and  subsequent  cooling  gives  rise  to  a  biaxial  strain  in  the 
crystal  which  is  tensile  or  compressive.  A  tensile  strain  is  un¬ 
desirable  during  a  cutting  or  sawing  operation,  as  it  can  lead 
to  shattering  of  the  crystal.  A  compressive  strain  is  helpful  for 
this  purpose.  However,  it  can  (like  the  tensile  case)  cause  large 
nonuniform  strains  near  the  surface  due  to  notch  effects.  A 
film  grown  on  such  a  crystal  is  more  prone  to  cracking,  as 
cracks  can  initiate  at  the  periphery  of  the  crystal.  Furthermore, 
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Fig.  9.  Reflection  electron  diffraction  pattern  from  a  polished  GGG 

crystal. 


Fig.  7.  A  birefringence  micrograph  of  garnet  wafer.  Facets  on  the 
surface  of  crystal  lead  to  inhomogeneous  strain  gradients  in  an 
otherwise  uniformly  strained  crystal.  This  is  due  to  notch 
effects.  The  overall  strain  can  usually  be  inferred  from  the 
presence  of  four  pairs  of  arcs.  Mag.  2.35X  . 


Fig.  8.  An  etch  pit  pattern  obtained  on  a  strained  and  precipitate- 
containing  wafer.  Dislocation  distribution  reflects  strain  dis¬ 
tribution  and  crystallography  of  wafer.  Mag.  2.35X  . 

if  the  strains  are  sufficiently  large  and  the  substrate  is 
sufficiently  thin,  the  substrate  will  bend  and  assume  a  cap 
shape.  This  is  undesirable  during  device  fabrication.  An  ex¬ 
ample  of  the  notch  effects  at  the  surface  and  the  overall 
nonuniform  strain  present  in  a  substrate  can  be  seen  in  Fig.  7 . 
The  notch  effect  leads  to  strain  gradients  readily  apparent  in 
the  birefringence  pattern.  Like  the  dislocation  loops  generated 
around  a  precipitate,  a  large  density  of  dislocations  approxi¬ 
mately  parallel  to  the  crystal  surface  can  also  be  obtained  if 
the  strain  gradient  is  very  large.  An  example  of  this  is  shown  in 
Fig.  8.  This  is  an  etch  pit  micrograph  and  shows  not  only  the 
outer  ring  of  dislocations  but  also  the  large  number  of  dis¬ 
locations  in  the  interior  which  are  generated  around  iridium 
inclusions. 

B.  Polishing 

This  procedure  consists  of  diamond  polishing  followed  by  a 
chemical-mechanical  polishing  of  the  sliced  crystal.  [6]  If  the 
polishing  process  results  in  scratches  on  the  surface,  subsequent 
film  deposition  replicates  the  scratches,  which  then  impede 
domain-wall  movement.  A  chemical  etch  invariably  shows  the 
scratches  as  a  series  of  etch  pits.  The  pattern  in  the  develop¬ 
ment  of  the  facets  is  determined  by  the  orientation  of  the 
crystal  face.  For  example,  a  {ill}  surface  shows  etch  pits 
with  threefold  symmetry.  Polishing  can  generally  damage  the 
surface  of  a  crystal  either  by  introducing  scratches  or  by 
locally  straining  the  crystal.  In  garnets,  which  are  brittle  at 
room  temperature,  the  amount  of  strain  is  small.  This  can  be 


Fig.  10.  Film  growth  on  a  crystal  containing  scratches.  The  scratches 
delineated  by  aligned  etch  pits  are  oriented  along  an  arbitrary 
direction  defined  by  a  scratch.  The  smaller  etch  pits  are 
associated  with  growth  of  film.  Mag.  44X  . 

deduced  from  the  reflection  diffraction  patterns  following 
diamond  and  chemical-mechanical  polishing.  An  example  is 
shown  in  Fig.  9.  The  diffraction  pattern  shows  that  most  of 
the  top  surface  of  the  crystal  (up  to  a  depth  of  approximately 
a  thousand  angstroms)  is  relatively  perfect.  Not  only  are  the 
diffraction  spots  relatively  sharp,  but  we  also  observe  Kikuchi 
lines.  Scratches  are  generally  reproduced  during  expitaxial 
film  growth.  An  example  of  a  film  grown  on  a  substrate  on 
which  residual  scratches  are  left  over  is  shown  in  Fig.  10. 
This  micrograph  also  shows  defects  introduced  during  film 
growth.  These  are  discussed  in  the  next  section. 

C.  Film  Growth 

Currently  there  are  three  techniques  for  epitaxial  film 
growth.  These  are  chemical  vapor  deposition  (CVD),  sputter¬ 
ing,  and  liquid  phase  epitaxy  (LPE).  There  are  certain  similar 
classes  of  defects  associated  with  these  three  types  of  film 
growth  processes.  These  include  interface  defects,  inclusions 
attributed  to  local  precipitation  of  different  phases,  topo¬ 
graphical  defects,  which  include  thickness  or  composition 
variations,  and  cracking. 

Interface  defects  are  due  to  roughening  of  a  substrate  and 
to  interfacial  or  misfit  dislocations.  During  the  growth  of  a  film 
by  CVD  the  surface  can  be  attacked  by  the  hot  chemically 
active  vapors  and  lead  to  surface  etching.  This  attack  can  be 
minimized  by  protecting  the  substrate  until  film  growth  starts. 
In  sputtering,  the  surface  is  roughened  by  the  impact  of 
ionized  atomic  species.  This  process  leads  to  surface  rough¬ 
ness  on  a  much  smaller  scale  than  the  chemical  attack  during 
vapor  deposition.  In  liquid  phase  epitaxy  a  surface  of  a  sub¬ 
strate  can  be  roughened  when  a  substrate  is  allowed  to  come 
into  contact  with  the  vapors  given  off  by  the  fluxed  garnet 
melts.  The  vapor  deposits  on  the  surface  and  subsequently 
attacks  it  at  high  temperature.  This  can  be  avoided  by  isolating 
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Fig.  11.  Replica  micrograph  of  a  surface  of  a  cleaned  and  polished 
crystal  exposed  to  a  garnet  melt,  (a)  As  exposed,  (b)  As  ex¬ 
posed  and  etched  in  acetic  acid  solution.  Mag.  3960X  . 

the  crystal  from  the  vapors  until  the  crystal  substrate  is  ready 
to  be  immersed  either  in  the  melt  (dipping  technique)  or  by 
the  melt  (tipping  technique).  Examples  of  surface  roughness 
that  can  be  caused  by  flux-garnet  vapors  are  shown  in 
Fig.  H(a,b). 

Interfacial  or  misfit  dislocations  in  epitaxial  films  on  GGG 
substrates  have  not  been  observed  frequently.  There  are 
several  reasons  for  this.  These  include  insufficient  elastic  strain 
to  make  it  energetically  favorable  to  generate  dislocations;  a 
low  dislocation  density  with  appropriate  geometrical  dis¬ 
placement  or  Burgers  vector  which  can  be  used  to  generate 
misfit  dislocations;  and  a  probable  large  Burgers  vector  for 
this  system,  which  makes  it  energetically  unfavorable  to  relieve 
the  elastic  energy  by  dislocation  generation  and  plastic  strain. 
The  only  known  evidence  for  misfit  dislocations  appears  to  be 
in  films  grown  by  CVD  under  conditions  where  large  elastic 
strain  was  present.  [7] 

Dislocation  lines  that  make  an  angle  between  0  and  90° 
with  the  normal  to  the  film  plane  are,  however,  propagated 
through  the  film  during  its  growth,  if  the  growth  conditions 
are  not  carefully  controlled  the  dislocations  can  lead  to  etch 
pits  on  the  surface  of  the  film.  These  interact  strongly  with 
magnetic  domains.  The  section  of  the  crystal  where  dislocation 
lines  intersect  the  surface  is  chemically  more  active  than  a 
perfect  crystal.  It  is  likely  to  be  attacked  and  dissolved  first. 
During  film  growth,  vapors  of  the  carrier  gas  used,  for  example, 
in  CVD  attack  the  surface  to  produce  etch  pits.  These  are 
subsequently  reproduced  during  film  growth.  In  sputtering, 
the  dislocation  line  does  not  lead  to  etch  pit  formation  as  there 
are  no  substances  present  which  tend  to  dissolve  the  surface.  A 
dislocation  may  aid  nucleation  during  film  growth. 

In  liquid  phase  epitaxy,  where  near  equilibrium  conditions 
may  exist  during  film  growth,  etching  can  be  a  particularly 
severe  problem.  As  the  garnet  precipitates  out  on  the  sub¬ 
strate,  the  PbO-B2  03  enriched  melt  at  the  boundary  layer  can 
dissolve  the  substrate  (or  growing  film)  at  the  dislocation  or 
other  surface  inhomogeneity.  This  can  lead  to  visible  pitting 
on  the  surface  of  a  film.  In  a  {ill}  film  the  pits  are  triangular. 
An  example  of  growth  pits  is  shown  in  Fig.  10.  A  higher 
magnification  micrograph  of  one  of  these  pits  is  shown  in 
Fig.  12.  Increasing  the  supersaturation  can  lead  to  elimination 
of  some  of  these  defects.  [8]  Supersaturation  can  be  in¬ 
creased  by  supercooling  or,  at  a  given  temperature  of  film 


Fig.  12.  Replica  micrograph  of  a  growth  etch  pit.  The  crystallography 
of  the  growth  facets  is  to  be  noted.  These  etch  pits  correspond 
to  the  small  pits  shown  in  Fig.  10.  Mag.  3600X . 


(a)  (b) 


Fig.  13.  Growth  of  film  on  a  substrate  containing  dislocations,  (a)  Dis¬ 
locations  visible  with  a  birefringent  micrograph,  (b)  Surface  of 
the  magnetic  film.  Dislocations  do  not  lead  to  etch  pits. 
Mag.  47X. 

growth,  by  changing  the  melt  composition.  In  garnet  film 
growth,  both  techniques  are  useful.  In  particular,  operating  at 

lower  flux  concentrations  is  desirable  to  avoid  excessive  build¬ 
up  of  flux  concentrations  at  the  interface  of  a  growing  film. 
With  appropriate  control  of  growth  conditions,  it  is  possible 
to  grow  films  on  a  substrate  with  a  high  level  of  defects,  in¬ 
cluding  dislocations  without  introducing  surface  pitting  that  is 
detrimental  to  device  operation.  An  example  is  shown  in 
Fig.  13  (a,b).  The  dislocation  strain  field  can  readily  be  seen  in 
the  birefringence  micrograph  of  Fig.  13  (a).  The  stripe  domains 
can  also  be  seen  in  this  film.  The  surface  of  this  same  area  is 
found  to  be  free  of  pits,  and  this  can  be  seen  in  Fig.  13  (b). 

Frequently,  films  grown  by  CVD,  sputtering,  and  LPE 
contain  strains  which  cannot  be  relaxed  by  dislocation  motion. 
In  these  cases  the  films  can  exhibit  the  phenomena  of  cracking 
(crazing)  or  popping  out.  Cracking  is  associated  with  the  pres¬ 
ence  of  a  tensile  stress  in  the  plane  of  the  film  and  popping 
with  a  compressive  stress.  Both  of  these  phenomena  are  a 
function  of  the  material  properties,  the  thickness  of  the  film 
and  the  substrate,  and  stress  in  the  film  plane.  The  material 
properties  that  are  of  interest  are  surface  (and  interface) 
energies  and  elastic  constants.  Cracking  or  popping  is  ob¬ 
served  when  it  is  energetically  more  favorable  for  the  film- 
substrate  system  to  generate  new  surfaces  (the  crack  surfaces) 
than  to  retain  the  elastic  strain  energy. 

A  theory  of  crack  propagation  was  developed  by  Griffith 
for  glasses.  [9]  In  this  theory  the  elastic  strain  energy  of  a 
crack  is  balanced  against  the  surface  energy  to  increase  the 


(a)  (b) 

Fig.  14.  Cracks  in  magnetic  garnet  films,  (a)  Film  was  prepared  by 
sputtering.  The  cracks  do  not  show  pronounced  tendency  and 
frequently  originate  (or  terminate)  at  impurities  in  film. 
Mag.  1000X.  (b)  Cracks  in  a  film  grown  by  liquid  phase 
epitaxy.  The  trace  of  the  cracks  is  in  a  <112>  direction. 
Mag.  50X. 

crack  length.  The  theory  predicts  that  the  elastic  strain  a 
material  can  sustain  without  crack  propagation  is  inversely 
proportional  to  the  square  of  the  crack  length.  This  theory 
has  been  applied  with  some  success  to  explain  cracking  in 
garnet  films.  [10]  Here  the  crack  length  is  replaced  by  the 
film  thickness.  An  example  of  a  film  with  cracks  is  shown  in 
Fig.  14(a).  This  is  a  sputtered  film.  The  cracks  do  not  show 
any  pronounced  crystallographic  tendency.  They  appear  to 
originate  or  terminate  at  impurities  in  the  film.  If,  however, 
the  thickness  of  the  film  is  reduced  to  a  value  slightly  above 
the  critical  value  to  observe  cracking,  the  direction  of  crack 
propagation  is  determined  crystallographically  by  those  planes 
which  have  the  lowest  surface  energy  (Fig.  14(b)).  In  this 
case  cracks  show  definite  crystallographic  dependence.  The 
trace  of  the  cracks  is  along  a  <11 2>  direction. 

Although  cracking  can  be  avoided  by  using  an  appropriate 
selection  of  film  thickness  and  strain,  it  places  another  re¬ 
striction  on  magnetic  bubble  systems  where  stress  induced 
anisotropy  is  important .  For  example,  the  Gd^  Y 3  FerGa5  _rO\ 2 
garnets  which  require  a  tensile  stress  to  obtain  uniaxial 
anisotropy  are  suitable  bubble  materials  only  over  a  restricted 
range  of  compositions.  In  terms  of  bubble  diameter  this 
ranges  from  a  micron  to  approximately  ten  microns.  The 
limits  are  primarily  determined  by  the  propensity  of  this 
system  to  generate  Kul2irMs 2  >  1,  where  Ku  is  the  uniaxial 
anisotropy  energy  and  Ms  is  the  saturation  magnetization, 
without  cracking.  [11] 

D.  Magnetic  Domain— Defect  Interaction 

An  operational  definition  of  a  defect  in  a  magnetic  bubble 
domain  system  may  be  stated  as  one  which  impedes  the 
motion  of  a  bubble  when  the  drive  force  is  larger  than  a  pre¬ 
scribed  force.  This  definition  implicitly  defines  the  acceptable 
level  of  coercivity.  There  are  two  broad  approaches  to  measure 
defects  with  magnetic  domains  in  films.  In  one,  stripe 
domains  are  used,  and  in  the  other,  bubbles.  Stripe  domains 
have  the  advantage  that  a  large  area  of  investigation  can  be  ex¬ 
amined  by  moving  a  stripe  domain  normal  to  its  length.  There 
are,  however,  several  shortcomings  and  we  list  the  major  ones 
here. 

A  stripe  domain  can  bow  out  on  either  side  of  the  defect. 
This  provides  an  additional  contribution  to  the  drive  force  at¬ 
tempting  to  pull  the  domain  away  from  the  defect.  A  schematic 


(a)  (b) 

Fig.  15.  Bowing  of  stripe  domains  at  pinning  points  (Ref.  14). 

(a)  Schematic  representation,  (b)  Stripe  domains  pinned  by 
defects.  Mag.  204X . 

diagram  illustrating  the  effect  is  shown  in  Fig.  15(a).  An  ex¬ 
ample  of  a  domain  pinned  is  shown  in  Fig.  15(b).  The  contri¬ 
bution  of  this  local  force  to  the  overall  force  can  be  estimated 
from  the  following  simple  analogy  to  surface  tension  of  a  mem¬ 
brane.  Consider  a  periodic  distribution  of  defects  with  a  period 
X  along  the  length  of  a  stripe  domain.  Under  magnetic 
pressure  p,  a  stripe  domain  bows  out  between  the  pinning 
points.  If  we  assume  that  the  energy  of  a  wall  does  not 
change  with  orientation,  the  domain  wall  has  the  shape  of  an 
arc  of  a  circle  between  the  pinning  points.  The  force  at  the 
pinning  points  is  4T  sin  a,  where  T  is  the  surface  tension  of  a 
domain  wall.  This  can  be  related  to  the  applied  magnetic 
pressure  to  give  2 Xp.  The  local  force  on  the  pinning  point  is 
therefore  considerably  magnified  and,  unless  X  is  well  specified, 
the  externally  variable  parameter  p  cannot  be  related  un¬ 
ambiguously  to  a  coercivity  of  the  material.  (If,  however,  the 
value  of  X  is  known,  the  bowing  out  of  a  domain  can  be  used 
to  estimate  its  surface  tension.)  A  stripe  domain  technique 
can  therefore  underestimate  the  number  of  defects  at  the 
level  of  applied  magnetic  pressure  suitable  for  the  motion  of  a 
bubble. 

When  the  defect  density  is  high  the  stripe  domain  technique 
is  even  more  unreliable  insofar  as  the  results  of  these  measure¬ 
ments  are  to  be  used  for  bubbles.  Due  to'  the  flexibility  of  a 
stripe  domain,  its  movement  through  a  forest  of  defects  can 
be  likened  to  the  motion  of  a  dislocation  through  an  array  of 
interacting  potentials  as  considered,  for  example,  by  Mott 
and  Nabarro.  [12]  The  motion  of  the  stripe  domain  is  in¬ 
fluenced  by  its  surface  tension,  the  concentration  of  defects, 
and  their  distribution.  The  value  of  coercivity  obtained  by 
moving  stripe  domains  may  in  this  case  be  larger  or  smaller 
than  that  obtained  by  bubble  motion. 

A  third  objection  to  using  stripe  domains  may  lie  in  the 
technique  in  which  an  array  of  stripe  domains  is  used  rather 
than  an  isolated  domain.  In  this  case  the  strong  coupling 
between  the  domains  can  also  lead  to  highly  magnified  local 
forces.  If  there  are  N  domains  moving  in  unison,  and  if  the 
leading  domain  is  hindered,  the  force  acting  on  the  obstacle  is 
not  the  pressure  from  an  isolated  domain,  but  is  approximately 
N  times  this  pressure.  This  follows  from  the  following  con¬ 
sideration:  when  the  leading  domain  moves  a  distance  8x  under 
a  force  F ,  the  change  in  energy  is  F8x;  if  each  of  the  N 
domains  moves  a  distance  8x ,  the  total  change  in  energy  is 
NF8x.  Let  the  leading  domain  be  prevented  from  moving  by 
a  virtual  force  f  exerted  by  the  defect  stopping  the  leading 
domain,  for  equilibrium  NF8x  =  f8x ,  and  the  force  on  the 
defect  is  therefore  NF  rather  than  F. 
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(a)  (b) 


Fig.  16.  Bubbles  used  to  stain  defect  (Ref.  14).  (a)  Bubble  array  de¬ 
viation  from  hexagonal  arrangement  indicates  defect,  (b)  Same 
defect  stained  by  a  time  averaged  exposure  of  a  bubble  raft. 
The  defect  is  visible  in  the  birefringent  micrograph.  Mag.  600X. 


(c)  (d) 


(e)  (*) 

Fig.  17.  Dislocation  bubble  interaction  (Ref.  14).  (a)  Stripe  domains  in 
a  film  area  containing  dislocations,  (b)  Dislocations  visible  in 
birefringent  micrograph,  (c)  High  density  bubble  raft  does  not 
stain  defects  adequately,  '(d)  Moving  raft  technique,  (e)  Low 
density  bubble  array  —  the  defects  are  stained  due  to  their 
interaction  with  bubbles,  (f)  The  same  area  now  stained  by  a 
bubble  raft.  Mag.  600X. 

Using  magnetic  bubbles,  most  of  the  disadvantages  listed 
above  can  be  circumvented.  However,  the  magnetic  bubble 
scan  technique  [13]  is  tedious  and  time  consuming.  In  any 
case,  it  is  difficult  to  apply  to  small  bubbles.  An  alternate  ap¬ 
proach,  which  we  favor,  is  to  use  a  bubble  raft.  [14]  In  this 
technique  the  bubbles  are  made  to  flow,  and  any  nonuniform 
flow  or  stationary  bubbles  are  indicative  of  defects  in  the 
magnetic  film.  The  flow  pattern  of  the  bubbles  leads  to  a 
measure  of  the  interaction  potential  and  range  of  the  defect. 
An  example  of  a  defect  strained  by  a  stationary  bubble  with  a 
bubble  flow  pattern  around  it  is  shown  in  Fig.  16(a,b).  The 
bubbles  are  made  to  flow  in  a  raft  by  a  pulse  coil.  They  are 
continuously  circulated  around  by  suitable  design  of  a  coil. 


Advantages  of  this  technique  are  that  the  raft  is  more  apt  to 
measure  and  sense  defects  which  may  influence  bubble 
motion  in  a  device.  Bubble  to  bubble  interaction,  which  can, 
like  the  array  of  stripe  domains,  lead  to  force  enhancement  on 
the  leading  bubble  to  overcome  the  interaction  of  the  defect, 
is  also  observed  in  the  raft  technique.  The  bubble  raft  tech¬ 
nique  has  the  advantage  that  bubble-to-defect  and  bubble-to- 
bubble  interactions  can  be  determined  by  recording  the  flow 
pattern  and  measuring  the  interaction  radii  as  in  the  example 
shown  in  Fig.  16(b).  The  defect  shown  in  this  micrograph  is  a 
precipitate  in  the  substrate.  It  interacts  with  the  bubbles 
through  its  strain  field. 

This  technique  can  also  be  used  to  investigate  dislocation- 
bubble  interactions.  An  example  of  a  stripe  pattern  obtained 
in  a  film  containing  dislocations  is  shown  in  Fig.  17(a).  From 
the  appearance  of  such  a  stripe  pattern  it  is  difficult  to  con¬ 
clude  whether  defects  are  present.  The  dislocations  can, 
however,  be  readily  detected  by  changing  the  focusing  and 
analyzer  settings  of  the  microscope.  This  is  shown  in  Fig.l7(b). 
if  a  dense  array  of  static  bubbles  is  produced  in  this  area,  the 
bubble-bubble  interaction  can  dominate  the  weaker  bubble- 
dislocation  interaction,  and  once  again  the  dislocations  are  not 
stained,  if  now  the  bubbles  are  made  to  flow,  the  dislocations 
are  readily  stained  by  the  bubbles.  An  example  of  this  is 
shown  in  Fig.  17(c,d).  Reducing  the  density  of  bubbles  in  a 
given  area  will  bring  out  the  defects  more  clearly,  both  in  the 
static  mode  (Fig.  17(d))  and  in  the  dynamic  mode  (Fig.l7(e)). 
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Abstract — Magnetic  domains  in  thin  crystal  platelets  of  rare- 
earth-substituted  iron  garnets  or  rare-earth  orthoferrites  are 
readily  visible  when  the  platelets  are  viewed  between  crossed 
polarizers  in  a  microscope,  due  to  the  magnetic  Faraday  effect. 
Several  interesting  optical-measurement  techniques  using  this 
effect  for  investigating  mobility,  coercivity,  wall  energy,  anisotropy, 
and  imperfections  are  reviewed  and  compared. 

IN  THIS  PAPER  we  will  discuss  several  interesting 
optical-measurement  techniques  currently  applied  to 
transparent  magnetic  materials.  The  first  of  the  param¬ 
eters  is  domain-wall  mobility.  Domain-wall  mobility 
is  of  much  interest  since  it  strongly  influences  the  maxi¬ 
mum  operating  speed  of  bubble  devices.  Energy  trans¬ 
ferred  to  the  crystal  lattice  by  a  moving  domain  wall 
can  often  be  characterized  by  a  simple  damping  model 
[1].  The  equation  of  motion,  assuming  negligible  coer¬ 
civity,  can  be  written  as 

max  +  )  x  +  (m.  ^)x  =  2 Msh(t)  (1) 

\  IJLW  /  \  ax  J 

where  mw  is  the  effective  mass  per  unit  area  of  a  moving 
wall,  Ms  is  the  saturation  magnetization,  yw  is  the  do¬ 
main-wall  mobility,  dH/dx  is  any  gradient  within  which 
the  wall  moves,  h(t)  is  the  driving  field,  and  x(t)  is  the 
displacement  of  the  wall. 

Using  a  pulse-modulated  He-Ne  laser  to  follow  stro- 
boscopically  the  position  of  a  sinusoidally  driven  domain 
wall,  Rossol  has  determined  mobility  from  the  wall's 
amplitude  and  phase  response  to  the  drive  frequency 
[2].  The  model  of  (1)  was  found  to  be  appropriate.  Further¬ 
more,  he  concluded  that  the  inertial  term  could  be  ignored. 
Facilitated  by  the  long  working  distance  permitted  by  the 
laser  illuminator,  mobility  as  a  function  of'  temperature 
was  measured  using  ordinary  optically  accessed  dewars. 
This  technique  requires  a  moderate  amount  of  equipment 
and  the  ability  to  supply  driving  power  to  a  coil  over  a 
wide  frequency  range.  The  accuracy  and  resolution  are 
approximately  5  percent. 

This  technique  can  also  be  employed  using  ordinary 
illumination  and  photoelectric  detection.  Narrow-band 
amplification  of  the  modulation  component  due  to  wall 
motion  provides  a  sensitive  measurement  of  the  fre¬ 
quency-response  characteristic  of  the  wall. 

Pulse-response  measurements  have  been  made  using 
ordinary  polarizing  microscopes  to  observe  the  behavior 
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of  domain  walls.  The  method  of  Bobeck  et  al.  consists  of 
collapsing  a  bubble  by  applying  a  field  pulse  in  the  direc¬ 
tion  of  the  external  bias  field  [3].  Since  the  wall  velocity  is 
proportional  to  the  drive  force,  large  amplitude  pulses 
require  a  shorter  time  for  collapse  to  take  place  than  do 
smaller  amplitude  pulses.  Inverse  time  versus  force  data 
(a  straight-line  relationship  of  slope  m)  are  obtained  by 
increasing  the  pulse  width  at  a  series  of  pulse  amplitudes 
until  collapse  takes  place.  This  is  done  by  placing  a  new 
bubble  for  each  measurement  at  the  center  of  a  small  coil 
connected  to  a  pulse  generator.  Care  must  be  taken  to 
stabilize  the  position  of  the  bubble,  perhaps  with  a  small 
gradient  field.  Otherwise  the  bubble  may  drift  around 
and  out  of  the  region  of  known  field  magnitude. 

The  distance  the  domain  wall  moves  during  collapse  is 
measured  directly,  either  before  or  after  the  preceding 
data  are  taken.  The  initial  radius  r0  is  first  measured. 
The  bubble  diameter  is  then  measured  as  the  bias  field  is 
increased  until  quasistatic  collapse  takes  place.  The 
quasistatic  collapse  radius  rco  is  approximately  twice  the 
dynamic  collapse  value,  and  the  mobility  is  therefore 


A  radius 
time -field 


(2) 


The  fact  that  the  pulsed  bubble  collapses  at  «  (l/2)rCOr 
a  metastable  radius  predicted  by  Thiele  [4],  has  been 
observed  stroboscopically  by  Rossol  [5].  Callen  and 
Josephs  have  treated  the  dynamic  collapse  problem  in 
more  detail,  analyzing  the  errors  in  the  method  and 
considering  the  more  general  equation  of  motion  where 
coercivity  is  included  [6]. 

The  method  of  Seitchik  et  al.  is  similar  to  the  technique 
used  to  measure  fluorescence  relaxation  [7].  A  demagnetized 
platelet  of  bubble  material  is  driven  with  a  fast-risetime, 
repetitive  field  pulse  applied  parallel  to  the  easy  axis.  The 
experiment  is  carried  out  on  a  polarizing  microscope,  and 
the  areas  of  the  domains  are  used  to  modulate  the  light 
passing  through  the  sample  to  a  photomultiplier.  Using 
sampling  techniques,  the  coordinate  response  of  the 
domain  walls  to  the  drive  pulse  can  be  extracted  from  the 
photomultiplier  output  and  displayed  on  an  x-y  recorder. 
For  changes  of  stripe  domain  width  of  up  to  about  20 
percent  in  a  demagnetized  platelet,  the  demagnetizing 
field  gradient  near  the  equilibrium  position  of  the  wall  is 
nearly  constant  [8].  Therefore,  domain  walls  respond  to 
the  field  pulse  according  to 


3 

1 

1 

rH 

II 

-f-o 

(3a) 

dH 

(3b) 

wc  =  IXW  ~  • 

dx 

Reprinted  from  IEEE  Transactions  on  Magnetics,  vol .  MAG -7,  pp.  586-590,  Sept.  1971 . 
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The  recorder  trace  is  a  plot  of  (3a)  and  o>c  can  be  measured 
from  the  rise  time.  A  static  measurement  of  dH/dx 
from  A  (strip  width) /A  (bias  field)  permits  the  mobility  to 
be  calculated  from  (3b). 

Both  the  bubble-collapse  technique  and  the  last  method 
are  applicable  to  all  bubble  materials:  orthoferrites, 
garnets,  and  magnetoplumbites.  Both  result  in  comparable 
accuracy,  and  resolution  of  about  10  percent  is  obtainable. 
The  collapse  method  requires  no  unusual  equipment 
(unlike  the  latter),  but  is  slower  and  more  tedious.  How¬ 
ever,  practically  point-by-point  evaluation  of  iiw  through¬ 
out  a  crystal  is  possible  with  the  collapse  technique. 

A  technique  has  been  used  by  Copeland  and  Spiwak  to 
measure  mobility  where  the  propagation  of  a  bubble 
domain  in  a  gradient  field  is  observed  [9].  A  bubble  is 
placed  near  a  conductor  carrying  a  bipolar  square- wave 
current.  The  bubble  moves  from  one  side  of  the  conductor 
to  the  other  as  the  current  changes  direction.  It  has  been 
determined  that  for  displacements  of  ±(1/2 )R  (R  is  the 
bubble  radius),  both  the  driving  force  and  the  resultant 
velocity  are  approximately  constant,  given  by  kl/h 
and  2Rf,  respectively.  The  constant  k  is  determined  by  the 
conductor  geometry,  h  is  the  platelet  thickness,  and  I 
is  the  drive  current  required  for  the  domain  to  move  a 
distance  R  at  frequency  /.  A  measurement  of  7  as  a 
function  of  /  allows  one  to  plot  velocity  as  a  function  of 
force,  from  which  the  mobility  is  calculated.  This  tech¬ 
nique  requires  no  special  equipment  and  appears  to  work 
for  all  bubble  materials  and  is  reasonably  fast.  Care  must 
be  taken  to  provide  stabilization  of  the  bubble  near 
the  conductor,  as  in  the  bubble-collapse  method.  The 
accuracy  is  approximately  10  percent  and  the  resolution 
5  percent  or  better. 

A  high-resolution  technique  has  been  devised  whereby 
the  pulse  response  of  a  single  straight  domain  wall  is 
investigated  [10].  A  straight  domain  wall  is  established 
in  a  linear  gradient  field  set  up  by  permanent  magnets.  A 
field  pulse  is  applied  parallel  to  the  magnetic  easy  axis, 
causing  the  wall  to  displace  toward  a  new  equilibrium 
position.  The  response  of  the  wall  is  given  by  (3a).  If  the 
pulse  is  long,  the  final  position  x0  is  reached,  but  for  shorter 
pulses  the  wall  moves  some  fraction  of  x0.  By  using  re¬ 
petitive  pulses  (duty  cycle  =  0.1),  it  is  possible  to  deter¬ 
mine  visually  (with  the  aid  of  a  polarizing  microscope  and 
filar  micrometer  eyepiece)  the  excursion  of  the  wall  as  a 
function  of  pulse  amplitude  and  width.  From  these  data 
both  coc  and  dH/dx  can  be  calculated;  the  mobility  follows 
from  (3b). 

The  repeatability  and  resolution  of  this  method  is 
approximately  0.5  percent,  and  the  absolute  accuracy  is 
about  5  percent.  The  disadvantage  of  the  method  is  that, 
for  many  materials,  it  is  experimentally  impractical  to 
establish  the  large  uniform  gradients  required  for  a 
straight  wall  and  to  measure  the  correspondingly  large 
uc.  Hagedorn  has  shown  that  the  critical  gradient  required 
for  the  straight  wall  is  [11] 
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Fig.  1.  Device  described  in  text  suitable  for  establishing  variable 
and  translatable  gradient  fields  on  stage  of  microscope. 


where  l  =  <rw/4tTrM.s2  is  the  material  length  [4],  [12]. 
The  numerical  factor  0.016  is  calculated  for  a  crystal  of 
thickness  4/,  an  optimal  value.  Orthoferrites  require 
^700  Oe/cm,  whereas  typical  bubble-device  garnets 
require  ^20  000-50  000  Oe/cm. 

The  straight  domain  wall  for  this  and  other  techniques 
to  be  discussed  is  easily  established  and  manipulated  with 
the  device  of  Fig.  1.  Ferrite  or  soft-iron  pole  pieces, 
enclosing  permanent  magnets,  are  mounted  within  the 
geared  assembly.  When  the  operating  knob  is  pulled  out 
and  turned  (see  Fig.  1),  the  magnets  are  moved  apart, 
changing  the  gradient,  but  when  pushed  in  and  turned, 
the  zero  of  the  gradient  is  translated  back  and  forth. 
Centering  the  knob  locks  in  both  settings.  Therefore,  a 
domain  wall  can  be  established  in  a  region  free  of  imper¬ 
fections,  and  the  value  of  the  gradient  then  adjusted. 
Using  barium-ferrite  magnets  and  iron  pole  pieces, 
gradients  from  4  to  10  000  Oe/cm  can  be  obtained:  The 
use  of  ferrite  pole  pieces  to  eliminate  eddy-current  effects 
in  pulse  experiments  reduces  these  values  by  a  factor  of  2. 
Gradients  of  up  to  ^35  000  Oe/cm  have  been  obtained  by 
substituting  Alnico  C  magnets  for  the  pole-piece  assem¬ 
blies  [13]. 

Domain-wall  coercivity  Hc ,  or  the  minimum  field  re¬ 
quired  to  initiate  domain  wall  motion,  is  strongly  tied  to 
the  quality  of  a  crystal.  Hc  may  be  determined  by  studying 
mobility  variation  as  a  function  of  drive  field.  If  one 
plots  velocity  (which  is  mobility  X  drive)  versus  drive,  a 
straight  line  is  obtained  with  a  positive  v  =  0  intercept 
at  Hc  [1].  All  methods  discussed  can  yield  this  data; 
however,  it  is  a  direct  result  of  the  bubble-collapse  and 
square-wave  methods. 

Bobeck  et  al.  devised  a  high-sensitivity  technique  based 
on  the  mutual  dipole  interaction  of  two  bubble  domains 
[14].  Two  domains  of  radius  r0  are  forced  together  using 
a  magnetic  probe.  When  released  they  move  apart  until 
the  repulsive  force  of  the  two  dipoles  equals  the  coercive 
force  acting  on  the  domain  walls.  Coercivity  is  readily 
calculated  to  be 
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where  h  is  the  platelet  thickness  and  rn  is  the  center-to- 
center  spacing  of  the  domains. 

Optical  hysteresigraphs  have  been  built  which  use  the 
distribution  of  domains  to  modulate  the  light  transmitted 
by  the  crystal.  F-or  a  sample  of  uniform  thickness,  the 
moment  is  proportional  to  the  quantity  Av  —  Aa p  where 
Ap  and  Aap  are  the  areas  of  domains  aligned  parallel  and 
antiparallel,  respectively,  to  an  external  .  field.  This 
quantity  also  determines  the  intensity  distribution  be¬ 
tween  polarized  light  rotated  in  opposite  directions  by  the 
moments  of  alternate  domains.  If  polarizer  and  analyzer 
are  set  3-5°  to  each  other,  polarized  light  rotated  in  one 
sense  will  increase  the  transmitted  intensity  and  light 
rotated  in  the  opposite  sense  will  decrease  the'  transmitted 
intensity.  In  this  manner,  the  intensity  measured  with  a 
photodetector  will  be  proportional  (after  subtraction  of  a 
bias  level)  to  the  magnitude  and  direction  of  the  mag¬ 
netization  of  the  sample  placed  between  polarizer  and 
analyzer.  This  voltage,  plotted  against  an  analog  of  the 
applied  field,  has  often  been  used  to  obtain  hysteresis 
loops  [15]— [17]. 

Alternatively,  the  light  rotated  +0  can  be  separated 
from  that  rotated  —  0  by  use  of  a  Wollaston  prism  as  an 
analyzer.  The  separated  beams  are  measured  with  photo¬ 
detectors  and  amplified  differentially,  the  output  again 
being  proportional  to  the  magnetization  [18].  Independent 
access  to  signals  proportional  to  intensities  of  opposite 
Faraday  rotation  and  the  noise  immunity  of  the  dif¬ 
ferential  amplifier  allow  this  apparatus  to  be  used  to 
measure  actual  Faraday  rotation  (e.g.,  as  a  function  of 
temperature,  magnetization,  or  wavelength)  [19]. 

Hysteresis  loop  approaches  have  the  disadvantage  of 
poor  resolution  when  Hc  is  very  small;  however,  they  are 
sensitive  to  a  wide  range  of  coercivities,  all  displayed  at 
once,  giving  an  overall  view  of  the  quality  of  a  crystal. 

Domain-wall  energy  (per  unit  area)  is  a  useful  pa¬ 
rameter  for  materials  studies  since  it  influences  mobility, 
bubble  diameter  and  optimum  plate  thickness  [4],  [11], 
[20].  Bobeck  showed  that  domain-wall  energy  is  conve¬ 
niently  calculated  from  bubble-collapse  data,  where  the 
radius  r  of  the  bubble  in  a  platelet  of  thickness  h  is  mea¬ 
sured  as  a  function  of  external  bias  field  Ha  [21].  At  equi¬ 
librium,  the  net  force  on  the  domain  wall  (the  negative 
gradient  of  the  energy),  is  zero, 

n  Tp 

—  =  2  irhaw - -  +  ^MsHarh  =  0.  (6) 

dr  dr 

Thiele  has  shown  that  the  bubble  diameter,  the  platelet 
thickness,  and  the  moment  numerically  determine  dED/dr, 
the  demagnetizing  term  [4].  Therefore,  (6)  can  be  solved 
for  the  wall  energy  <rw.  Furthermore,  the  need  for  measur¬ 
ing  both  Ms  and  h  can  be  removed  by  calculating  ,one 
from  the  other  using  static  bubble-domain  theory  and 
measurement  of  the  critical  collapse  diameter  as  a  function 
of  external  field  [20].. The  method  outlined  is  very  simple 
to  implement,  requires  a  minimum  number  of  measured 
parameters  and  affords  an  accuracy  and  resolution  of 
of  about  5  percent  with  a  good  crystal. 


If  the  domain-wall  energy  is  crystallographically 
anisotropic  (as  in  the  orthoferrites),  elliptical  bubbles  will 
be  formed  [20].  By  measuring  the  ellipticity,  the  wall 
energy  along  both  directions  can  be  obtained  [22]. 

Wall  energy  can  be  roughly  estimated  from  the  stripe 
spacing  in  a  demagnetized  platelet  [8];  however,  this 
approach  is  limited  by  the  reproducibility  of  the  de¬ 
magnetized  pattern  [23].  The  analysis  is  simple  only 
when  the  stripe  pattern  is  that  of  planar  parallel  domain 
walls.  Hagedorn  has  shown  that,  to  a  good  approximation, 
the  material  length  l  is  given  in  terms  of  the  stripe  spacing 
ds  by 


for  the  range  of  (normalized)  platelet  thicknesses  h/l  = 
4  ±  1  [24]. 

Kurtzig  and  Shockley  formed  a  reproducible  configura¬ 
tion  of  planar  walls  by  controlling  the  domain  shape  with 
current  flowing  in  a  conductor  grid  of  regular  geometry 
[25].  The  grid,  placed  under  the  crystal  platelet,  is  a 
parallel  array  of  wdres,  with  the  current  direction  reversed 
in  alternate  conductors.  By  placing  a  second  such  array 
on  top  of  the  crystal  at  right  angles  to  the  first  (and  at 
right  angles  to  the  domain  walls),  an  undulating  distor¬ 
tion  of  the  parallel  domains  is  created  as  the  current  iii 
this  second  grid  is  increased.  This  distortion,  an  increase 
in  total  wall  area,  is  treated  as  being  sinusoidal.  The  wall 
energy  is  then  obtained  by  calculating  the  external  wrork 
done  in  increasing  the  wrall  area  and  subtracting  from  it 
the  change  in  the  magnetostatic  energy,  all  of  wThich  are 
functions  of  the  amplitude  of  the  distortion.  (The  wave¬ 
length  is  fixed  by  the  conductor  geometry.)  Although 
accuracies  and  resolutions  of  5  percent  or  less  may  be 
obtained,  the  method  is  quite  tedious. 

Hagedorn  has  obtained  a  sinusoidal  distortion  in  a 
single  planar  wall  by  lowering  the  gradient  field  in  which  a 
straight  wall  has  been  stabilized  [26].  At  a  critical  value  of 
the  gradient  the  distortions  first  appear,  continuing  to 
increase  in  amplitude  as  the  gradient  is  lowered.  Here,  the 
wall  energy,  the  saturation  magnetization  and  the  platelet 
thickness  determine  the  period  of  the  distortion,  in  terms 
of  which  an  expression  for  aw  can  be  derived.  Directional 
anisotropy  of  wall  energy  can  be  observed  by  placing  the 
straight  wall  parallel  to  various  crystallographic  axes. 
This  method,  affording  an  accuracy  of  perhaps  10  percent 
and  a  resolution  of  less  than  5  percent,  is  applicable  only 
to  materials  where  the  stabilizing"  field  gradient  can  be 
conveniently  supplied  as  w^as  discussed.  As  first  presented, 
this  method  wras  based  on  an  expansion  wdiich  required 
the  sinusoidal  wavelength  to  be  much  greater  than  the 
platelet  thickness;  however,  the  analysis  has  subsequently 
been  done  in  closed  form  [27],  [28],  eliminating  this 
restriction. 

Like  domain- wall  energy,  magnetocrystalline  anisotropy 
measurements  are  important  for  materials  studies. 
Because  of  the  high  anisotropy  fields  for  orthoferrites 
(^io5-106  Oe),  it  is  difficult  to  supply  enough  field  to 
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pull  the  magnetization  out  of  the  easy  direction,  measur¬ 
ably  changing  the  optical  properties.  Many  garnets, 
however,  have  low  anisotropy  fields  (^103-104  Oe), 
and  magnetooptical  techniques  are  currently  being  in¬ 
vestigated. 

By  applying  a  large  field  at  right  angles  to  the  easy  axis 
(i.e.,  in  the  plane  of  the  platelet)  of  magnetic  garnet 
crystals,  Kurtzig  has  measured  the  anisotropy  fields 
[29].  His  criterion  for  reaching  Hk  is  the  vanishing  of  all 
Faraday  rotation  as  the  magnetization  is  drawn  into  the 
plane  of  the  platelet.  The  exact  point  is  determined  photo- 
electrically.  This  rapid  direct  measurement  of  Hk  is  useful 
in  surveying  the  new  garnet  materials  with  noncubic 
growth-related  anisotropy. 

We  have  examined  crystals  using  a  modified  longi¬ 
tudinal  susceptibility  apparatus  [30].  The  crystal  plate¬ 
let,  cut  perpendicular1  to  the  easy  axis,  is  placed  in  the 
plane  z  =  0  on  the  stage  of  a  polarizing  microscope.  A 
large  dc  field  (order  of  Hk)  is  applied  in  the  same  plane. 
One  then  applies  a  small-signal  ac  field  (order  of  10  Oe 
at  1  kHz)  along  the  easy  (z)  axis  and  photoelectrically 
measures  the  modulated  Faraday  rotation  as  the  moment 
is  oscillated  back  and  forth  through  the  plane  z  =  0. 
This  signal  is  proportional  to  the  product  of  the  lon¬ 
gitudinal  susceptibility  with  the  derivative  of  Ea  with 
respect  to  <£,  the  angle  from  the  vertical  (easy)  axis.  If 
the  dc  field  is  rotated  about  the  azimuthal  (0)  direction,  a 
plot  of  signal  versus  0  displays  the  symmetry  of  the 
anisotropy  in  the  plane  for  the  region  selected  by  the 
field  of  view  of  the  microscope.  This  method,  although 
similar  in  some  ways  to  that  of  Beam  and  Siegle  [31] 
has  not  been  developed  to  give  absolute  values  of  Hk  or 
the  derivative  (above)  as  a  function  of  <j>. 

Imperfection  studies  are  important  for  evaluating  crystal 
growth  and  preparation  techniques  and  for  selecting 
crystals  for  device  experiments.  Imperfections  such  as 
scratches,  cracks,  grain  and  twin  boundaries,  inclusions, 
and  voids  interfere  with  domain  propagation.  The  coercive 
fields  of  grain  and  twin  boundaries  have  recently  been 
investigated  by  Kurtzig  using  a  straight-wall  technique 
[32].  A  straight  domain  wall  parallel  to  such  a  defect  is 
pinned  when  intersection  takes  place.  The  zero  of  the 
gradient  /3  must  be  moved  a  distance  Ax  past  the  defect 
before  the  wall  breaks  free.  Therefore  the  coercivity  is 
given  as  Hc  =  (3  Ax.  This  method  of  propagating  a  straight 
wall  through  a  platelet  is  thus  useful  for  locating  im¬ 
perfections  visually.  However,  the  method  is  tedious,  and 
some  imperfections  do  not  interact  with  walls  in  par¬ 
ticular  orientations.  It  also  loses  sensitivity  as  the  gradient 
required  for  a  straight  wall  becomes  very  large. 

A  demagnetized  platelet,  viewed  through  a  polarizing 
microscope  at  low  power  in  the  presence  of  an  alternating 
field,  shows  a  continuously  moving,  random  domain 
structure.  If  pinning  imperfections  are  present,  however, 
the  shapes  of  the  imperfections  will  be  decorated  by 
nonmoving  pinned  walls  [17].  This  method  allows  one 
quickly  to  survey  a  platelet  for  the  more  serious  imper¬ 
fections.  A  60  Hz  sine  wave  is  adequate  for  most  purposes, 


although  the  insertion  of  a  dc  bias  along  with  the  ac  field 
often  elucidates  weak  imperfections  and  gradients  (both 
geometric  and  magnetic).  This  method  appears  to  work 
well  for  all  bubble  materials  and  is  easy  to  implement. 

We  have  examined  thick  unpolished  platelets  of  garnets 
and  orthoferrites  by  this  method  using  an  infrared  micro¬ 
scope,  since  these  materials  are  relatively  transparent  in 
the  infrared.  This  approach  allows  rough  separation  of 
platelets  early  in  the  preparation  stage,  although  it  must 
be  realized  that  some  pinning  locations  may  be  removed 
by  further  polishing. 

An  extremely  sensitive  test  is  to  move  a  bubble  domain 
across  the  platelet  while  observing  any  distortions  induced 
by  imperfections  [33].  This  is  facilitated  by  stabilizing  a 
domain  at  the  tip  of  a  magnetic  probe  held  in  a  micro¬ 
manipulator.  The  sample  can  be  moved  beneath  the  probe 
using  an  x-y  stage  on  the  microscope.  An  external  dc  bias 
field  of  approximately  47 rMs  must  be  supplied  to  assure 
that  the  domain  breaks  free  of  all  pinning  points.  This 
last  requirement  places  a  restriction  on  the  method  for 
high-moment  materials;  the  dc  bias  often  remagnetizes  the 
probe  in  the  wrong  direction.  The  method  is  also  very 
tedious. 

A  scanning  device  was  built  utilizing  this  method  of 
detection  [34].  The  platelet  is  automatically  moved  in  a 
raster-like  manner  beneath  the  probe,  and  distortions  of  the 
bubble  due  to  imperfections  are  photoelectrically  measured 
and  detected.  An  interaction  is  displayed  on  an  x-y 
topographical  output.  This  method  has  been  found  to  work 
well  for  orthoferrites  and  many  garnets,  the  restriction 
being  the  saturation  moment  of  the  crystal  as  mentioned 
previously. 
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A  MAGNETIC  BUBBLE  DOMAIN  FLIGHT  RECORDER 
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ABSTRACT 

An  all  electronic  bubble  memory  system 
is  aimed  toward  direct  replacement  of  pre¬ 
sent  flight  tape  recorders  which  have  a  high 
rate  of  failure  due  to  the  tape  transport 
mechanism.  A  small  60k  bit  bubble  recorder 
has  been  built  to  demonstrate  the  feasibility 
of  this  approach.  It  consists  of  six  10k  bit 
chips  mounted  in  three  separate  packages 
operating  as  a  FIFO  at  150  kHz  bubble  data 
rate.  In  addition  to  a  FIFO  the  bubble  re¬ 
corder  can  be  organized  as  a  block  oriented 
memory  and  also  can  be  operated  asynchron¬ 
ously  to  very  low  frequencies  adding  dimen¬ 
sions  of  flexibility  and  reliability  not 
found  in  the  present  tape  recorder  system. 

Recorder  nonvolatility  is  achieved  by 
power  shutdown  protection  circuits  and  a 
magnetically  closed  structure  which  also 
prevents  magnetic  contamination  of  surround¬ 
ing  equipment.  A  10”8  detection  error  rate 
is  achieved  with  a  300yV  detector  signal  at 
150  kHz  using  power  strobing  and  d.c.  restore. 

Projection  on  a  50M  bit  prototype  re¬ 
corder  is  made.  A  105  bit  chip  capacity  is 
proposed  based  on  the  electronic  cost  and 
MTBF  considerations.  This  prototype  operat¬ 
ing  at  150  kHz  is  capable  of  meeting  or  sur¬ 
passing  the  capacity,  data  rate  and  relia¬ 
bility  specifications  of  most  present  flight 
tape  recorders. 

INTRODUCTION 

In  the  present  satellite  system,  tape 
recorders  play  an  important  role  in  informa¬ 
tion  collection,  storage  and  transmission. 
Those  recorders  have  a  wide  range  of  storage 
capacity  and  operating  frequency  to  meet 
different  mission  requirements. 

According  to  the  statistics  shown  in 
Fig.  1  about  85%  of  them  have  a  capacity  less 
than  108  bits  and  75%  of  them  have  an  operat¬ 
ing  frequency  less  than  100  kHz.  The  present 
tape  recorder  has  an  average  error  rate  be¬ 
tween  10"3  and  10“4  errors  per  bit.  Statis¬ 
tics  on  35  tape  recorder  failures  are  listed 
in  Table  1 J  It  can  be  seen  that  most  of 
the  catastrophic  failures  are  attributed  to 
the  mechanism  associated  with  the  magnetic 
tape  transport.  These  failures  do  not  have 
a  Gaussian  distribution  with  respect  to  time 
as  convential  electronic  parts.  A  large 
number  of  them  occur  at  initial  phase  of  the 
recorder  operation  due  to  mechanical  failure 
and  the  rest  of  the  failures  occur  at  the 
final  phase  of  the  recorder  operation  due  to 
wear  out. 

Because  of  the  hi^h  percentage  of  fail¬ 
ures  associated  with  the  mechanical  parts,  it 
is  desirable  to  develop  a  totally  solid  state 
tape  recorder  replacement.  One  recorder  can- 
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didate  is  an  all  electronic  memory  using  mag¬ 
netic  bubbles.  Bubble  technology  is  mainly 
being  developed  as  a  replacement  for  present 
large  capacity  drum  and  disk  memories.1*2 
Projections  of  low  cost,  high  reliability2,3,4j56 
power,  high  bit  density,'7  *8  nonvolatility,  and 
radiation  hardness 9make  bubbles  an  attractive 
technology  not  only  for  military  but  commer¬ 
cial  applications  as  well. 

In  this  paper  we  will  first  discuss  the 
capability  of  the  bubble  recorder  and  describe 
a  small  scale  engineering  model  built  to  de- 


FIG .  1  STATISTICS  ON  FLIGHT  RECORDER 
CAPACITY  AND  DATA  RATE 

TABLE  1  TAPE  RECORDER  FAILURE  STATISTICS 
NO.  OF  RECORDER 

TYPE  OF  FAILURE  FAILURES  FAILURE  RATE  PER  106  HR 

39 
47 
19 
7 

26 
114 


BEARING 

ENDLESS  LOOP  TAPE  PACK 
HEAD  AND  TAPE  WEAR 
ELECTRONICS 
OTHERS 


12 

7 
6 
2 

8 


TOTAL 


35 


Reprinted  from  IEEE  Transactions  on  Magnetics ,  vol.  MAG-10,  pp.  739-745,  Sept.  1974. 
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monstrate  the  feasibility  of  a  bubble  domain 
flight  recorder.  Topics  of  major  importance 
to  the  recorder  design  will  be  presented  and 
followed  by  a  discussion  of  device  and  pack¬ 
age  considerations  on  a  much  larger  prototype 
system. 

MAGNETIC  BUBBLE  RECORDER 

A  bubble  domain  recorder  system  of  in¬ 
terest  to  NASA  as  a  space  recorder  is  shown 
in  Fig.  2.  It  is  organized  into  several  in- 


FIG.  2  BUBBLE  DOMAIN  RECORDER  ORGANIZATION 

dependent  tracks  similar  to  a  tape  recorder. 
Each  track  consists  of  a  number  of  large  capa¬ 
city  single  loop  bubble  memory  chips  with  in¬ 
dividual  bubble  generator,  annihilator  and 
detector  circuits.  These  chips  are  electri¬ 
cally  connected  in  series  to  act  as  a  FIFO 
type  memory.  Using  small  field  coils  and  a 
permanent  magnet  bias  the  operating  power  is 
comparable  to  a  tape  recorder  and  the  standby 
power  is  zero.  Using  a  moderate  bubble  propa¬ 
gation  rate  of  150  kHz  the  bubble  recorder 
data  rate  is  comparable  to  that  of  most  flight 
recorders . 

Bubble  recorders,  however,  have  two 
additional  attributes  that  add  dimensions  of 
flexibility  and  reliability  not  found  in  the 
present  tape  recorder.  As  the  bubble  memory 
can  be  easily  turned  on  or  off  within  one  data 
cycle,  the  bubble  recorder  can  be  read  or 
written  into  asynchronously  at  any  frequency 
up  to  the  intrinsic  rotating  field  frequency. 
With  this  unique  property  it  can  be  used  for 
incremental  recording  or  recording  and  play¬ 
back  at  lower  frequencies. 

The  second  attribute  is  derived  from  the 
bubble  recorder  organization.  In  this  organi¬ 
zation  each  chip  can  be  considered  as  an  in¬ 
dependent  block  of  information.  Thus  in 
addition  to  reading  out  these  blocks  serially, 
random  block  access  can  be  used.  This  chip- 
to-chip  independence  also  allows  implementa¬ 
tion  of  schemes  whereby  malfunctioning  chips 
can  be  bypassed  such  that  the  reliability  is 
increased  &nd  the  recorder  lifetime  is  not  de¬ 
pendent  on  the  malfunction  of  a  single  com¬ 
ponent. 

The  flexibility  of  the  bubble  recorder 
is  demonstrated  by  its  command  repertoire 
which  is  given  below.  For  the  feasibility 
model  only  five  commands  are  implemented; 
however,  in  order  to  provide  a  prototype  sys¬ 
tem  with  the  capability  of  both  blocked  data 
accessing  and  data  logging,  two  additional 


chip  addressing  commands  will  be  provided 
(commands  4  and  5  below) : 

(1)  Erase  -  All  bits  are  erased  from  all 
chips  in  a  track. 

(2)  Sequential  Write  -  Data  is  accepted  a 
bit  at  a  time  at  whatever  rate  is  desired 
up  to  the  150  kHz  recorder  rate.  An 
indicator  is  provided  when  the  track  is 
filled. 

(3)  Chip  Align  -  All  chips  are  aligned  to 
their  initialized  position  to  provide 
proper  record  position  in  case  a  readout 
is  desired. 

(4)  Addressable  Single  Chip  Write  -  A  single 
chip  can  be  written  with  data  without 
disturbing  the  chip  counter.  An  indicator 
is  provided  when  the  chip  is  filled. 

(5)  Addressable  Single  Chip  Read  -  This  is  a 
block  read  completed  in  a  single  track 
rotation. 

(6)  Byte  Read  -  A  Byte  of  data  (7,8,  or  9  bits) 
is  read  for  every  request  made. 

(7)  Search  -  A  sequential  read  is  started  and 
continues  until  either  the  track  is  com¬ 
pletely  read  or  until  the  operation  is 
halted. 

FEASIBILITY  MODEL 

Using  state-of-the-art  bubble  devices  a 
small  engineering  model  was  constructed  to 
demonstrate  feasibility  and  also  to  be  a 
vehicle  to  investigate  the  problems  of  pack¬ 
aging  and  system  organization  associated  with 
the  design  of  a  much  larger  prototype  bubble 
recorder.  The  design  goals  for  the  feasibi¬ 
lity  model  are  shown  in  Table  2. 


TABLE  2  DESIGN  GOALS  ON  FEASIBILITY  MODEL 
AND  PROTOTYPE  BUBBLE  RECORDER 


FEASIBILITY  MODEL 

PROTOTYPE 

NUMBER  OF  TRACKS 

3 

4 

NUMBER  OF  CHIPS 

6 

TOTAL  CAPACITY 

6  X  104 

4.6  X107 

SPEED 

Record  per  Track 

2.5X103  Bits/Sec 

6.4  X103  Bits/Sec 

Playback  per  Track 

2.5X104  Bits/Sec 

1.5X105  Bits/Sec 

ERROR  RATE 

10“4  Error/Bit 

o 

o 

m 

o 

CO 

OPERATING  POWER 

Record 

3  W 

4  W 

Playback 

5  W 

6  W 

SIZE 

200  In.3 

210  In.3 

TEMPERATURE  ENVIRONMENT 

25°C  ±  5°C 

0°C  To  50°C 

The  feasibility  model  consists  of  three 
independent  tracks  in  which  each  track  has 
two  10k  bit  memory  chips  electrically  connec¬ 
ted  as  a  FIFO  shift  register.  The  basic 
memory  chip  is  shown  in  Fig.  3.  The  chip 
design  is  composed  of  state-of-the-art  bubble 
circuits  using  a  conductor  first  fabrication 
technique.  Each  chip  is  a  10240  bit  24y 
period  serial  register  with  a  T-bar  storage 
loop  and.  chevron  composing  branch.  Bubbles 
are  generated  and  annihilated  by  two  sepa¬ 
rate  conductor  loops19 and  detected  by  a  two 
level  thick  film  chevron  detector11.  The 
storage  area  is  surrounded  by  a  T-bar  guard 
railL2and  covers  an  area  of  . 140"x. 090" .  The 
devices  were  fabricated  on  6ym  thick  (YEuTm)* 
(GaFe)50^2  LPE  films  with  a  4ttM  of  about  200^ 
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gauss,  a  stripwidth  of  6.5ym  and  a  wall  mobi¬ 
lity  of  330  cm/sec-Oe.  The  permalloy  propaga¬ 
tion  circuit  is  4000A  thick  and  was  sputtered 
on  a  lym  thick  Si02  spacer.  The  operating 
characteristics  of  the  memory  chip  are  shown 
in  Fig.  4.  With  a  nominal  300  mA  -  lysec 
generator  pulse  and  150  mA  lysec  annihilator 
pulse  and  a  40  Oe  rotating  field,  the  device 
can  be  operated  reliably  up  to  150  kHz  with 
6-8  Oe  bias  margins.  The  device  operation  is 
primarily  limited  by  the  inner  180°  corner  and 
T-bar-to-chevron  transition  design. 

For  nonvolatility  and  asynchronous  opera¬ 
tion  the  recorder  is  operated  in  a  start  and 
stop  mode.  In  this  case  corner  and  T-bar-to- 
chevron  transition  designs  further  limit  the 
device  operation.  The  bias  margin  depends  on 
the  rotating  field  start  and  stop  direction 
as  shown  in  Fig.  4(b).  For  the  best  operating 
margin  the  rotating  field  has  to  be  started 
and  stopped  along  the  chevron  branch  direction. 
The  generation,  annihilation  and  detection 
functions  are  independent  of  the  field  start 
and  stop  condition. 


Detector  output  signal  waveforms  are 
shown  in  Fig.  5.  At  low  driving  fields  the 
signal  for  a  single  bubble  (stripe)  has  double 
peaks  which  occur  over  one  rotating  field  cycle. 
At  higher  driving  field's  as  the  permalloy  film 
starts  to  saturate,  the  signal  converts  to  a 
single  peak  covering  only  a  small  portion  of 
a  field  cycle.  The  maximum  signal  level,  how¬ 
ever,  approaches  a  saturated  value.  The  detec¬ 
tor  sensitivity  is  ^100yV/mA.  For  the  present 
detection  scheme,  a  signal  level  of  about 
300yV  is  considered  sufficient  to  meet  the 
error  rate  requirement  of  <10"4  errors/bit. 

A  10"8  read  error/bit  rate  has  been  obtained 
with  a  400yV  signal. 

The  bubble  memory  chips,  together  with 
their  associated  detector  bridge  resistors 
and  preamplifier  chips  are  mounted  in  a  cera¬ 
mic  package  (Fig.  6).  There  are  two  sets  of 
chips  in  one  package  making  up  one  2 OK  bit 
recorder  track.  The  rotating  field  coils  are 
wrapped  around  the  package  and  lead  connec¬ 
tions  to  the  chips  are  accessed  from  the 
corners.  The  coil  sizes  are  .360"x.600"  which 


FIG.  3  10K  BIT  MEMORY  CHIP  DESIGN 
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are  sufficient  to  supply  a  field  in  .200"x.200" 
area  with  less  than  +5°  skew  in  field  orien¬ 
tation  and  +5%  variation  in  field  magnitude. 

The  bias  field  is  supplied  by  the  perma¬ 
nent  magnet  bias  structure  shown  in  Fig.  7. 

This  structure  provides  four  adjustable  cavi¬ 
ties,  three  of  which  are  used  in  the  feasi¬ 
bility  recorder.  The  bias  package  dimensions 
are  6x3x1. 2".  The  structure  in  Fig.  7  is 
completed  with  a  mu-metal  plate  which  acts  as 
the  outer  pole  piece.  These  mu-metal  plates 
also  provide  magnetic  shielding  which  pre¬ 
vents  magnetic  contamination  from  the  bubble 
recorder  on  surrounding  equipment.  The  inner 
pole  pieces  between  the  top  and  bottom  cavi¬ 
ties  are  two  separated  mu-metal  plates  mount¬ 
ed  in  the  center  of  the  structure.  Permanent 
magnets,  together  with  field  adjusting  shunts, 
are  assembled  in  magnet  holders  and  positioned 
in  between  each  outer  and  inner  pole  pieces. 

The  coarse  field  adjustment  is  accomp¬ 
lished  by  inserting  soft  magnetic  pins  which 
shunt  the  magnet  flux.  Fine  tUnning  is 
achieved  by  adjusting  the  air  gap  between  a 
field  adjusting  screw  and  the  magnet  holder 
plate.  The  effect  of  field  adjustment  is 
shown  in  Fig.  8.  With  1/4-40  screw  a  field 
sensitivity  of  0.4  Oe/turn  can  be  obtained. 


EFFECT  OF  COARSE  SHUNTS  ON  THE  BIAS  FIELD 


NO.  OF  SHUNTS 

FIG.  8  BIAS  FIELD  ADJUSTMENT 
IN  THE  MODULE 

RECORD  DESIGN  CONSIDERATIONS 

BUBBLE  SENSING  CHANNEL 

For  the  recorder  application  a  conven¬ 
tional  bubble  sense  channel  design  was  modi¬ 
fied  so  as  to  incorporate  power  strobing 


(Fig.  9).  In  the  serial  track  organization 
of  the  bubble  recorder  only  one  amplifier  and 
one  bridge  need  be  turned  on  for  a  duration 
sufficient  only  to  latch  the  signal.  Major 
functions  of  the  channel  include  the  follow¬ 
ing: 

(1)  A  bridge  and  preamplifier  which  is 
located  on  the  substrate  in  proximity 
to  the  memory  chips. 

(2)  A  level  shifter  which  provides  termina¬ 
tion  for  many  preamplifiers. 

(3)  A  capacitor  voltage  restore  circuit. 

(4)  A  threshold  detecting  sense  amplifier. 

(5)  A  strobed  data  latch. 

Other  considerations  in  the  design  include 
the  reliable  detection  of  sub-millivolt  sig¬ 
nals  in  the  presence  of  noise  and  the  ampli¬ 
fier  and  bridge  voltage  offsets.  These 
considerations  lead  to  the  use  of  capacitive 
coupling  between  stages  which  unfortunately 
is  susceptible  to  waveform  averaging  and  is 
not  amenable  to  power  strobing  unless  the 
capacitors  are  discharged  after  channel  turn 
on  but  before  signal  arrival.  The  detection 
circuit  waveforms  are  shown  in  Fig.  9.  The 
upper  photo  shows  the  preamplifier  being 
turned  on  in  time  for  the  bubble  output  por- 


FIG .  9  DETECTOR  CIRCUIT  AND  SIGNAL  WAVEFORM 
tion  of  the  signal  envelope  while  the  photo 
at  the  lower  right  show  the  signal  envelope 
at  logic  level  and  as  it  is  latched  into  the 
data  holding  register.  The  detector  signal 
after  amplification  by  the  preamplifier  but 
without  power  strobing  is  at  the  lower  left. 

Characterization  of  noise  in  the  sense 
channel  is  an  important  consideration  in  the 
overall  design  and  is  a  necessary  prelude  to 
an  analysis  of  the  bit  error  rate.  A  tabula¬ 
tion  and  a  discussion  of  the  major  noise 
sources  follows. 

Signal  Components/Faraday  Pickup  (d^/dt  noise) 

This  noise  is  a  voltage  which  is  induced 
in  a  loop  of  conductor  whose  cross-section  is 
exposed  to  the  rotating  field.  The  loop  area, 
the  frequency  and  the  magnitude  of  the  field, 
and  the  orientation  of  the  field  with  respect 
to  the  loop  all  influence  the  magnitude  of 
the  noise. 

To  deal  with  d0/dt  noise  in  a  multichip 
system,  it  will  be  necessary  to  design  a  con¬ 
trolled  lead  structure  from  the  memory  chip 
to  the  sense  amplifier  external  to  the  coil 
package.  Otherwise  individual  compensating 
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networks  must  be  provided  per  chip  and  they 
must  be  individually  adjusted.  The  latter 
approach  is  undesirable  in  a  system  using  a 
large  number  of  chips. 

In  the  feasibility  model  a  cancellation 
circuit  was  used  because  of  the  d^/dt  pickup 
in  the  ceramic  package.  Establishing  a  d.c. 
level  by  restoring  the  interamplifier  capa¬ 
citors  has  the  effect  of  reducing  the  sever¬ 
ity  of  the  d0/dt  pickup  since  the  rate  of 
change  is  approximately  twice  for  the  signal 
as  it  is  for  the  maximum  slope  of  the  d0/dt 
noise.  For  the  feasibility  model  a  reason¬ 
able  value  for  this  component  of  noise  is 
approximately  50  microvolts  peak  at  strobe 
time. 


Signal  Components/Cross-Coupled  Noise 

Whenever  large  currents  at  high  fre¬ 
quency  flow  in  proximity  to  a  sense  line,  or 
whenever  a  large  voltage  exists  between  the 
sense  line  and  other  conductors,  the  possi¬ 
bility  exists  for  systematic  noise  coupled 
into  the  sense  channel.  This  type  of  noise 
can  be  discerned  in  the  lower  left  photo  of 
Fig.  9  as  the  repetitive  portion  of  the  wave¬ 
form  in  synchronization  with  the  trace.  At 
strobe  time  (upper  photo)  the  trace  is  rela¬ 
tively  clear  even  when  generating  or  annihil¬ 
ating  a  bubble. 


Signal  Components/Detector  Switching  Noise 

As  the  magnetization  in  the  two  detec¬ 
tors  of  the  bridge  is  rotated,  non-linear 
switching  transitions  occur  which  give  a 
random  output  signal.  The  lower  left  photo 
in  Fig.  9  suggests  that  the  randomness  occurs 
within  a  narrow  time  duration  mostly  outside 
of  the  restore  to  strobe  window.  This 
behavior  is  similar  to  that  reported  in  thin 
permalloy  film  detector.13  For  the  feasi¬ 
bility  model  for  measurements  made  on  two 
devices  the  noise  has  an  approximate  value 
of  fourteen  microvolts  rms  within  the  strobe 
window. 

Signal  Components/Thermal  Noise 

The  usual  technique  employed  in  the 
determination  of  total  noise  and  the  band¬ 
width  limiting  effect  as  the  noise  passes 
through  the  sense  channel  is  that  sources 
have  a  specifiable  value  of  noise  power  per 
infinitesimal  unit  of  frequency  or  a  noise 
spectral  density.  By  integrating  the  noise 
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spectral  density  for  the  various  sources 
over  the  power  bandwidth  of  the  channel,  the 
total  noise  power  is  obtained.  Fig.  10  shows 
the  result  (thermal  noise  only)  for  a  733 
amplifier,  a  detector  resistance  of  100ft,  and 
a  bandwidth  equal  to  the  center  frequency. 

For  the  flight  recorder  sense  channel  which 
is  bandwidth  limited  to  about  670  kHz  the 
thermal  noise  is  expected  to  be  about  5 
microvolts  rms  at  the  output  of  the  preamp¬ 
lifier  . 

Detection  Error  Rate 

In  the  assembly  of  large  bubble  memories 
containing  many  chips  within  a  coil  and  many 
coils,  it  is  inconceivable  that  chips  be 
connected  to  individual  cancellation  voltages 
or  that  they  be  tweaked  individually.  There¬ 
fore,  to  analyze  the  bit  error  rate,  a  compo¬ 
site  of  all  chips'  signals  must  be  considered. 
Fig.  11  indicates  how  this  composite  of  signal 
and  the  systematic  noise  is  to  be  treated. 
Consider  what  happens  when  the  threshold  of 
the  second  stage  of  amplifier  is  adjusted  from 
0  volts  to  a  voltage  which  exceeds  the  maxi¬ 
mum  amplitude  of  the  bubble  signal.  At  zero 
volts  the  systematic  noise  is  detected  in 
addition  to  the  bubble  signal.  As  the  thresh¬ 
old  is  increased  fewer  and  fewer  no-bubble 
errors  are  detected  and  when  the  voltage 
reaches  the  threshold  of  the  systematic  noise, 
the  probability  of  correct  determination  of 
the  absence  of  a  bubble  is  50  percent  as  a 
result  of  the  random  noise.  Increasing  the 
threshold  further  an  error  rate  minimum  is 
reached.  Above  this  threshold  voltage  the 
bubble  read  errors  begin  to  increase  until 
right  at  the  signal  minimum  minus  the  system¬ 
atic  noise  maximum,  50  percent  of  the  bubble 
will  be  missed. 

So  far  the  results  of  the  feasibility 
model  testing  indicate  the  principal  contrib¬ 
utor  to  the  error  rate  is  magnetic  switching 
noise.  An  error  rate  of  10’°  errors  per 
detection  was  measured  for  the  feasibility 
model  at  150  KHz  rotating  field  rate.  The 
failure  included  about  50%  false  ones  and  50% 
false  zeros  indicating  that  the  threshold 
setting  was  in  the  valley  of  the  detection 
curve  (see  Fig  11) .  After  10+  field  rota¬ 
tions  (2  hours  at  150  kHz)  no  hard  errors 
(moved,  missing  or  extra  bubbles)  were  found. 

Evaluation  of  signal  waveforms  show 


FIG.  11  DETECTION  ERROR  RATE  AS  A 
FUNCTION  OF  DETECTION  THRESHOLD 
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typical  output  to  be  400  microvolts,  system¬ 
atic  noise  of  100  microvolts  peak,  and  non- 
systematic  noise  of  18  microvolts  rms.  The 
switching  noise  (15  microvolts  rms)  is  assumed 
to  be  random  within  the  channel  bandwidth. 

For  these  conditions  the  calculated  rate  is 
approximately  10“8  errors  per  bit 

[ (E0“2VSyS) /2Vnrms  =  5.5a  or  -10“8  errors.]. 

POWER  SHUTDOWN  CONSIDERATIONS 

When  the  recorder  is  power  down,  orienta¬ 
tion  of  initial  data  reference  must  be  main¬ 
tained  in  nonvolatile  storage  to  ensure  sequen¬ 
tial  readout  of  previously  stored  data.  In  the 
feasibility  model  the  technique  which  was  used 
was  the  record  precursor  which  is  a  bubble 
leading  the  record  in  an  otherwise  erased  track, 
a  two  core  and  flip-flop  circuit  and  a  CMOS 
address  counter.  Using  the  precursor,  the 
procedure  is  to  first  erase  the  track  completely 
and  then  allow  data  to  enter  aperiodically  and 
asynchronously  until  the  chip  is  filled.  The 
precursor  bubble  which  leads  the  record  is  the 
first  to  be  detected  causing  commutation  to  the 
next  chip  and  so  on  until  the  track  is  full. 

To  maintain  knowledge  of  which  of  the  two  chips 
is  full,  a  ferrite  core  was  used  which  loads  a 
flip-flop  on  turn-on  and  which  is  written  by 
the  flip-flop  on  turn-off.  If  during  readout 
the  power  is  interrupted,  the  CMOS  counter  will 
hold  the  chip  bit  count  on  residual  power  for 
15  minutes. 

Although  the  fewest  electronics  parts  are 
required  for  the  precursor  technique  the 
approach  is  not  flexible  enough  to  allow  the 
type  of  applications  envisioned  for  bubble 
recorders  such  as  block  accessing*  For  the 
prototype  design  the  potential  for  each  of 
these  three  techniques  (precursor,  core  store, 
and  CMOS  counter)  was  explored  relative  to  the 
larger  size  memory.  Factors  like  precursor 
bubble  reliability,  component  count,  and  power 
dissipation  have  led  to  the  consideration  for 
the  prototype  design  of  the  use  of  a  core 
storage  technique  for  complete  counter  status 
maintenance.  Basic  to  the  design  is  a  four 
element  square  loop  core  wound  as  a  single 
core  with  enough  turns  to  achieve  an  output 
voltage  sufficient  to  preload  a  counter  dir¬ 
ectly  (Fig.  12).  On  track  turn  on  the  core 
string  for  the  chosen  track  is  interrogated 
which  presets  the  serial  register.  As  the 
track  is  loaded  the  address  count  is  incre¬ 
mented  by  adding  and  shifting  the  track 
register.  On  turn-off  the  cores  are  written 
sequentially  as  the  address  is  fed  into  the 
driver;  thereby  storing  the  record  status 
permanently  in  non-voltatile  storage. 


PACKAGE  CONCEPTS 


Packaging  of  bubble  memory  chips  is  prim¬ 
arily  determined  by  the  method  of  supplying  the 
in-plane  field.  At  present,  two  approaches  are 
being  considered.  Fig.  13  shows  a  closed  coil 
approach  where  mem-  diode 

ory  chips  are  end-  Jlluu  G“™HT,HG 

osed  in  the  coil 
winding.  Two  com¬ 
plementary  sets  of 
chips  are  mounted 
in  a  face-to-face 
arrangement.  Lead 
access  is  accomplish^- 
ed  through  a  beam 
frame  structure  in 
between  these  chips 
and  connect  out  by 
folding  flexible 
cables.  This  ap¬ 
proach  is  compact 
and  has  lower  power 
consumption  but  re¬ 
quires  precise  con-  FIG.  13  CLOSE  COIL 

trol  on  the  coil  STRUCTURE 

winding. 

Fig.  14  shows  an  open  coil  packaging 
concept.  Here  devices  are  sandwiched  in 
between  two  separate  coil  windings,  so  that 
bubble  device  and  driving  coils  can  be  separ¬ 
ately  packaged.  This  design  is  easier  to 
access  anrd  thus  improves  interconnection 
reliability  and  reduces  the  packaging  costs. 
Although  the  open  design  reduces  the  heating 
problem,  this  arrangement  requires  more  coils; 
thus  the  total  power  dissipation  and  package 
size  are  larger  than  the  close-coil  arrangement. 


A  PROTOTYPE  BUBBLE  RECORDER 

The  specifications  for  a  proposed  bubble 
recorder  are  listed  in  Table  2.  In  general, 
these  are  similar  to  the  feasibility  model 
except  that  the  capacity  is  much  larger  and 
the  operating  frequency  is  higher. 

The  impact  of  the  chip  size  on  the  elec¬ 
tronic  component  cost  and  reliability  are 
illustrated  in  Fig.  15.  The  components  are 
classified  into  three  broad  but  distinctly 
different  categories  which  are  chip  associated 
electronics,  coil  associated  electronics  and 
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CONCLUSION 


control  electronics.  To  provide  a  basis  for 
evaluation  two  classes  of  parts  were  used:  one 
a  commercial  grade  and  the  other  a  Hi-Rel  grade* 
It  can  be  seen  that  both  the  MTBFand  cost  of 
the  electronics  are  dominated  by  the  parts 
associated  with  the  memory  chip  such  as  the 
preamplifiers  and  the  generator  selection 
diodes.  For  small  capacity  chips  like  lO5  or 
10^  bits,  the  cost  and  MTBF  of  the  chip  asso¬ 
ciated  electronics  will  dominate  over  the  chips 
cost  and  approach  the  electronics  cost  of 
random  access  memory.  Under  the  present 
photolithographic  limitation,  it  is  felt  that 
a  16vim  period  100k  bit  chip  will  be  a  reason¬ 
able  size  for  the  prototype  design.  The  active 
chip  area  for  this  device  is  about  .250"x. 250". 
All  the  following  orototyoe  estimations  are 
based  on  this  size  chip.  Considerations  on  the 
processing  and  yield  on  this  large  capacity 
chip  are  discussed  in  another  associated 
paper . 1 4 

For  a  design  where  many  large  capacity 
chips  are  matrixed  in  each  coil  set,  the 
package  cost  and  reliability  are  almost  inde¬ 
pendent  of  the  number  of  bits  within  a  coil  set 
on  the  chip  capacity.  The  impact  of  an  8  or  a 
16  chip  coil  set  over  a  32  chip  coil  set  is 
considerable  in  terms  of  reduced  power  dissi¬ 
pation  or  in  terms  of  simplified  assembly  but 
is  minor  in  terms  of  per  bit  costs  (see  Fig. 

15  for  additional  drive  electronics.) 

To  meet  the  specifications  in  Table  2, 
the  maximum  coil  power  dissipation  for  each 
coil  can  only  be  about  1  watt.  This  constraint 
will  limit  the  coil  capacity  to  16  chips  for  a 
closed  coil  structure  as  shown  in  Fig.  13.  To 
provide  a  total  memory  capacity  of  5x10 7  bit 
will  require  32  coils  sets  organized  in  8  sets 
per  track. 

Using  a  single  bias  structure  identical  to 
that  of  the  feasibility  model,  the  total  memory 
module  size  is  to  be  about  70  in’3.  Tfte  elec- 
tronic  control  boards  will  occupy  about  120  in^ 


ELECTRONIC  SYSTEM  COST  AND  RELIABILITY 


Besides  being  operated  as  a  direct  tape 
recorder  replacement  the  bubble  recorder  has 
some  unique  operational  modes  which  cannot  be 
achieved  by  present  tape  recorders.  It  can  be 
programmed  for  random  access  to  each  individual 
chip  for  random  block  access  operation  or  for 
self  checking  or  by-passing  any  malfunctioning 
memory  chip.  Read  and  write  operations  can  be 
performed  asynchronously  from  very  low  fre¬ 
quency  up  to  basic  rotating  field  frequency. 
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AN  ALL-BUBBLE  TEXT-EDITING  SYSTEM 


S.  Y.  Lee*  and  H.  Chang** 


ABSTRACT 

An  all-bubble  text-editing  system  configuration 
is  described,  which  is  simpler  and  more  versatile  than 
the  more  conventional  systems  typically  composed  of  a 
mechanical-access  magnetic  storage,  a  semiconductor 
buffer,  and  semiconductor  editing  shift-registers.  In 
addition  to  storage  and  text  editing,  bubble  devices 
are  also  proposed  to  implement  address  decoding, 
character  encoding,  and  timing  signal  initiation. 

1.  INTRODUCTION 


In  current  keyboard  text-editing  facilities , 
mechanically  accessed  magnetic  media  are  used  as  storage, 
and  semiconductor  shift  registers  as  editing  devices-*-. 
Problems  of  speed  discrepancy  and  synchronization 
dictate  the  use  of  a  semiconductor  random-access 
memory  as  a  buffer.  The  complex  system  also  requires 
considerable  semiconductor  logic  devices  for  control. 

Such  an  approach  requires  several  different  technologies 
and  suitable  interfaces. 

The  magnetic  bubble  technology  has  been  a  promis¬ 
ing  contender  for  non-volatile  non-mechanical  low-cost 
modular  storages ,  and  has  also  been  recognized  to  pos¬ 
sess  switch  and  logic  capabilities.  It  is  worthwhile 
to  explore  whether  bubble  devices  can  offer  editing 
functions  and  logic  controls  in  text  editing  machines; 
and  whether  intergrated  bubble  chips  can  be  evolved 
comprising  storage,  editing  and  control  functions  to 
eliminate  or  greatly  simplify  the  technology  interface 
problems  (for  instance,  signal  detection  and  conversion, 
interconnection,  etc.). 

A  conceptual  all-bubble  text-editing  system  will 
be  reported  in  this  paper.  The  essential  components 
are  (see  Fig.  1) : 


Passive  storage: 
Active  storage: 
Write  decoder: 
Read  decoder : 


Conversion  switches : 


Marker  register: 


Encoders : 


Storing  many  pages  of 
information . 

Text  editing  in  a  select¬ 
ed  page. 

Insertion  of  new  pages 
into  the  passive  storage 
Extraction  of  a  page 
from  the  passive  storage 
for  text  editing  in  the 
active  storage. 
Conversions  of  access 
modes*  (random  or  serial 
access)  of  data  flow 
paths  or  directions 
(advance,  backspace  or 
idle) . 

Marker  bubbles  to  emit 
timing  control  signals. 
Encoding  alphanumerals 
into  digital  bubble 
information . 
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SYSTEM  ORGANIZATION 


Write  Passive  Read  Active 

Decoder  Storage  Decoder  Storage 


Conversion _ _ 

Switches  T 

t 


T  i 


Fig.  1.  A.  magnetic-bubble  text-editing  system.  The 
passive  storage  stores  pages  of  data,  accessible  on 
command  to  the  active  storage.  The  active  storage 
holds  a  page  of  data  for  editing.  The  switches  convert 
one  storage  structure  to  another  to  facilitate  data 
access  and  manipulation.  The  decoders  enable  the 
random  access  to  a  selected  page  of  space  for  read 
and  write.  The  control  circuits  send  signals  to  initi¬ 
ate  current  drives  for  switches ,  decoders ,  and  editing 
devices . 


2.  SYSTEM  ARCHITECTURE 


2.1  Data  units 

To  facilitate  data  access  and  manipulation,  the 
text  storage  space  is  organized  into  pages ,  lines ,  and 
characters  (e.g.,  32  pages  in  passive  storage,  30 
lines/page,  80  characters /line) .  The  pages  can  be  made 
contiguous  in  the  passive  storage,  thus  permitting  in¬ 
formation  to  be  advanced  from  page  to  page.  Any  page 
can  also  be  accessed  randomly.  When  the  information 
at  a  page  is  accessed  and  moved  to  the  active  storage 
area,  various  types  of  text  editing  operations  can  be 
performed.  Typically,  there  are  9  bits  per  character 
(8  information  bits  and  1  parity  bit)  which  are  distri¬ 
buted  on  9  separate  chips. 

2.2  Storage  structures 

The  typing  or  playing  back  of  the  text  is  sequen¬ 
tial/  but  the  retrieval  of  a  page  for  revision  or  the 
restoration  of  a  revised  page  is  quite  selective. 

Hence,  the  passive  storage  is  designed  such  that  any 
page  can  be  stored,  retrieved  or  restored  either  by 
sequential  access  or  by  random  access  (see  Fig.  2) . 
Random  access  is  achieved  by  the  on-chip  decoders. 2*3 
Sequential  access  is  naturally  provided  by  the  shift 
registers.  Conversion  from  one  access  mode  to  another 
is  made  possible  by  conversion  switches  (see  Sec.  4). 

The  manipulation  of  characters  and  lines  within 
the  active  storage  is  basically  sequential.  Hence 
only  sequential  access  is  provided  for  the  active 
storage.  The  lines  in  the  active  storage  must  also 
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(a)  IDLE 


(b)  SEQUENTIAL  ACCESS 
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(c)  RANDOM  ACCESS 


Fig.  2.  Convertible  passive  storage  structures.  Each 
shift  register  stores  a  page  of  data.  (a)  In  quies¬ 
cent  state,  switches  Si's  are  set  in  the  down  positions 
and  S2's  in  the  up  positions ,  the  individual  shift 
registers  idle  in  isolation.  (b)  When  switches  Si's 
are  activated,  all  shift  registers  are  connected  in 
series  to  allow  sequential  access  of  data.  (c)  When 
switches  S2's  are  activated  to  connect  the  right  ter¬ 
minals  ,  each  shift  register  is  connected  on  the  left 
to  the  write  decoder  and  on  the  right  to  the  read  de¬ 
coder.  A  page  can  be  written,  read  or  cleared  by  ran¬ 
dom  access . 3  • 
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READ/CLEAR  •“M 
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BACKGROUND 


FOREGROUND 


Fig.  3.  The  active  storage  structure  for  deletion  and 
insertion.  To  delete  characters  or  lines,  the  back¬ 
ground  data  is  allowed  to  advance  (S3's  and  S4's  down) 
to  be  cleared,  while  the  foreground  data  is  held  to 
idle  (S5's  up  and  S6's  down) .  To  insert  characters  or 
lines,  the  foreground  data  is  made  to  advance  (S5's 
and  S6's  down) ,  while  the  background  data  is  held  idle 
(S4's  up  and  S5's  down).  New  data  are  inserted  into 
the  gap  created. 


be  amenable  to  text  editing  (see  Sec.  3) .  The  active 
storage  (a  page)  consists  of  many  shift  registers 
Clines).  It  is  divided  into  two  halves,  a  background 
and  a  foreground,  by  the  I/O  stations  (for  read,  write 
and  clear).  To  create  space  to  insert  new  information, 
the  foreground  shift  registers  are  serially  connected 
to  advance  while  each  of  the  background  shift  registers 
is  made  to  circulate  within  itself.  To  delete  infor¬ 
mation  without  leaving  a  gap,  each  of  the  foreground 
shift  registers  is  made  to  circulate  within  itself 
while  the  background  shift  registers  are  serially 
connected  to  advance  (see  Fig.  3) .  Two  separately- 
controlled  groups  of  conversion  switches  (see  Sec.  4) 
are  provided  to  effect  different  connections  for  dif¬ 
ferent  operations . 

2.3  Bubble  integrated- circuit  chips 

It  is  well  known  that  bit-organized  memories  are 
amenable  to  error  detection  and  correction.  In  the 
case  of  text  editing  systems,  bit  organization  has  an 
added  advantage;  nameiy,  the  number  of  bits  per  char¬ 
acter  may  be  varied  to  adapt  to  different  character 
sets  without  varying  the  device  chip  configuration 
nor  adding  control  circuits.  For  example,  the  ASCII 
or  EBCDIC  code  has  8  bits  per  character,  and  hence 
require  only  8  chips.  A  hieroglyphic  language  such 
as  Chinese  would  require  many  more  bits  to  code  the 
much  larger  set  of  characters. 

Self-contained  bubble  ’memory  chips  complete  with 
storage,  read,  write  and  clear  capabilities  and  amen¬ 
able  to  selection  and  access  have  been  well  established. 
This  paper  suggests  that  the  on-chip  capabilities  can 
be  expanded  to  include  text  editing  and  control  func¬ 
tions.  For  a  system  using  an  8-bit  character  set  and 
storing  32  passive  and  1  active  pages  of  information 
(32  lines/page,  80  characters/line) ,  it  requires  eight 
84,480-bit  chips  plus  one  control  chip.  The  connec¬ 
tion-pin  requirement  is  summarized  in  Table  1  which 
clearly  indicates  a  low  number  well  within  the  current 
IC  packaging  capability.  If  an  on-chip  encoder  is  used, 
then  each  chip  must  add  (64  +  1)  pins  for  the  64-symbol 
character  set  plus  one  pin  for  the  shift-key.  These 
encoder  pin  connections  are  also  shared  by  all  8  chips . 
Also  the  write  circuits  are  replaced.  Hence  the  total 
number  of  pin  connections  becomes  38  -  8  +  65  =  95. 

Table  1.  Connection  Pin  Count 


Storage  Control  *Circuit 


Function 

Chip  Pins 

Chip  Pins 

Count 

Write 

1 

8 

Read 

1 

8 

Clear 

1 

1 

Switch  for  text  access 
(passive  storage) 

2 

2 

Switch  for  text  editing 
(active  storage) 

4 

4 

Decoder  (32  pages) 

10 

10 

Page  marker 

1 

1 

Line  marker 

1 

1 

Stop  carriage  marker 

1 

1 

Ground 

1 

1 

1 

TOTAL 

20 

4 

38 

*  For  8  storage  chips 

and  1  control  chip 
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3.  TEXT  EDITING 


The  editing  of  text  includes  the  modification  and 
rearrangement  of  contents  in  the  stored  text.  The 
former  consists  of  insertion  and  deletion,  which  in¬ 
volves  input/output  operations  (i.e.,  write  and  clear). 
The  latter  consists  of  creating  or  closing  a  gap  for 
insertion  and  deletion,  and  exchange  of  characters. 

The  text-editing  operations  within  a  single  shift 
register  has  been  described  in  detail  by  Lee  et  al.^ 

A  special  text-editing  function,  dynamic  ordering  (or 
reallocation)  of  data,  have  been  reported  by  Beausoleil 
et  al.  and  Bonyhard  and  Nelson^.  The  general 
principles  of  text-editing  operations  will  not  be 
repeated  here.  However,  since  a  text-editing  opera¬ 
tion  usually  extends  beyond  the  space  of  a  single  shift 
register,  the  conversion  switch  proposed  in  this  paper 
is  a  novel  means  of  extending  text-editing  operation 
to  many  contiguous  shift  registers. 

The  deletion,  insertion  or  exchange  of  data  always 
requires  the  displacement  of  a  data  section  from  the 
rest.  Dynamic  shift  registers,  such  as  the  magnetic- 
bubble  devices ,  circulate  continuously  all  the  data 
stored  in  them.  To  displace  a  bit  with  respect  to  the 
other  bits  in  a  single  shift  register,  the  bit  is  tem¬ 
porarily  frozen  while  the  other  bits  are  made  to  bypass 
it4.  To  displace  a  string  of  bits  with  respect  to 
the  rest,  similar  freezing  and  bypassing  means  are 
needed.  A  shift  register,  when  isolated  from  the  other 
shift  registers  in  contiguity  and  made  to  idle  tempo¬ 
rarily,  provides  the  freezing  action.  A  bypassing 
switch  should  be  provided  to  allow  the  subsequent  data 
to  bypass  the  idling  data  and  advance. 

The  insertion  and  deletion  of  a  string  of  data 
have  been  discussed  in  Sec.  2.2,  where  conversion 
switches  are  employed  to  make  half  the  storage  idle 
while  the  other  half  advance  across  the  I/O  stations 
for  clearing  or  writing  in  data.  To  convert  back  from 
the  idling  and  separate  shift  registers  to  advancing 
and  contiguous  shift  registers  without  altering  the 
data  order,  the  idling  period  must  correspond  to  inte¬ 
ger  multiples  of  the  period  for  complete  circulation 
of  a  shift  register.  The  re-synchronization  can  be 
facilitated  if  an  idler  track  is  added  to  the  usual 
data  track  in  the  editing  shift  register  which  contains 
the  I/O  stations.  Upon  completion  of  insertion  or 
deletion,  the  data  bits  are  switched  to  the  idler 
track?.  Only  later,  at  the  completion  of  a  shift- 
register  circulation  period,  the  data  is  switched  back 
to  the  data  tract  and  all  shift  registers  reconnected 
in  series . 

4.  CONVERSION  SWITCHES,  MARKER  REGISTERS',  AND  ENCODERS 

Several  new  components  are  proposed  for  the  mag¬ 
netic-bubble  text-editing  storage  chips . 

The  conversion  switches,  have  found  three  uses  in 
the  system:  (1)  to  convert  the  passive  storage  from 
random  to  serial  access,  or  vice  versa;  (2)  to  create 
space  for  insertion  and  to  prevent  gap  during  deletion; 
and  (3)  to  allow  data  reversal  without  reversal  of 
rotating  field  (not  shown,  but  easily  conceivable). 

One  embodiment  of  the  conversion  switches  is  shown 
in  Fig.  4,  where  permalloy  patterns  provide  the  shift 
register  loops ,  with  superposed  conductors  acting  as 
switches  (Fig.  4b) .  The  design  provides  equal  delays 
through  the  lines  for  different  modes  of  operation. 
Consider  the  routing  at  the  left  hand  side  of  the  shift 
registers.  When  the  conductor  loop  is  not  activated, 
switches  S3's  remain  in  the  up  positions  while  switches 
S4's  in  the  down  positions.  A  bubble  at  A  will  travel 
to  C'  in  two  field  rotation  cycles.  When  the  conductor 
loop  is  conducting  during  phase  3,  a  bubble  at  A  will 
be  held  there  and  then  travel  downward  and  arrive  at 
C" ,  also  in  two  field  rotation  cycles. 


In  our  system,  all  data  routing,  decoding,  .and 
editing  functions  are  performed  by  activating  current 
loops  for  bubble  switches.  To  ensure  proper  time 
sequencing  in  activating  the  current  loops ,  control 
circuits  are  required.  To  minimize  the  off-chip  control 
circuits,  a  marker  shift  register  can  be  employed, 
which  is  of  the  same  bit  length  as  the  storage  shift 
registers,  while  the  position(s)  of  bit(s)  in  it 
represent  time  markers. 

A  marker  bubble  enables  the  initiation  of  the 
desired  control  mode  when  it  travels  to  a  detector 
position  associated  with  the  shift  register.  Since 
the  marker  shift  register  and  the  line  data  shift 
register  are  of  the  same  length,  they  are  synchronized 
in  operation.  A  marker  shift  register  may  also  con¬ 
tain  several  marker  bubbles  to  enable  other  kinds  of 
control  functions  as  specified  by  a  user.  Several 
marker  shift  registers  may  share  a  common  detector  to 
reduce  connection  pins  if  they  initiate  the  same  control 
(e.g.,  carriage  stoppage  for  line  margin  and  tabulation).- 

To  enter  characters  into  the  active  storage,  a 
keyboard  may  be  used  to  encode  alphanumeral  characters 
into  digital  codes  suitable  for  data  processing  The 
input  of  encoded  characters  can  be  done  by  controlling 
bubble  generators  with  encoded  current  pulses . 

For  the  convenience  of  operation,  a  bubble  encoder 
can  be  provided  which  responds  to  the  pressing  of  a 
character  key  to  emit  a  digital  code  of  bubbles  and 
voids.  It  consists  of  N  shift  registers  respectively 
on  N  chips  (corresponding  to  N-bit  digital  codes)  each 
of  2n  bits  (corresponding  to  2N  characters)  and  con¬ 
nected  at  one  end  to  a  bubble  generator.  Superimposed 


t 
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(a)  SYMBOLIC  DIAGRAM 


4 


(b)  ACTUAL  OVERLAY  CONFIGURATION 

Fig.  4  Conversion  switch  implementation.  (a)  Sym¬ 
bolic  diagram  of  shift  registers  equipped  with  conver¬ 
sion  switches.  (b)  T-bar  devices  for  shift  register 
and  current  loops  for  conversion  switches.  The  design 
provides  equal  delays  for  different  modes  of  operation 
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on  the  shift  registers  are  2  columns  of  different 
patterns  of  current-loop  switches .  When  a  key  is 
depressed  to  activate  the  corresponding  column  of 
switches,  bubbles  entering  the  activated  switches  are 
switched  to  the  lower  paths  and  then  travel  to  the 
encoder  output  terminals .  All  bits  pertaining  to  a 
character,  as  emitted  by  the  encoder  shift  registers, 
are  entered  simultaneously  into  their  respective 
passive  storage  areas  on  the  chips; 

5 .  CONCLUSIONS 

(A)  A  conceptual  design  -  This  paper  has  at¬ 
tempted  a  conceptual  design  of  ah  all-bubble  text¬ 
editing  system  which  employs  magnetic-bubble  shift 
registers  and  current-controlled  bubble  switches.  The 
system  offers  flexible  storage  structures  to  facili¬ 
tate  the  input,  output,  retrieval  and  revision  of  data; 
a  wide  range  of  data  manipulation  functins ;  and  facil¬ 
ities  for  timing  controls  and  character  encoding. 

CB)  Simple  hardware  -  The  use  of  current  loops 
in  a  number  Q.f  switching  configurations  (freezing  and 
bypassing  switches,  conversion  switches,  etc.)  has 
obviated  the  need  of  reversing  the  rotating  field. 

This  simplifies  the  drive  circuits  and  allows  the  use 
of  tank  circuit  drive  when  large  rotating- fie Id  energy 
is  needed  for  large  storage  capacity.  The  self-con¬ 
tained  storage  and  text-editing  chips  allow  simple 
packaging,  and  require  very  limited  peripheral 
circuits . 

(C)  Simple  operations  -  In  a  mechanical-access 
static  sequential  file  (e.g. ,  a  magnetic  tape),  the 
insertion  of  records  or  removal  of  old  records  always 
requires  the  copying  of  the  entire  file.  By  contrast, 
the  text  editing  operations  in  an  all-bubble  system 
does  not  entail  the  copying  of  the  original  file. 

(D)  Versatile  applications  -  Although  only 
simple  text-editing  functions  have  been  described  in 
this  paper,  we  believe  the  storage  and  editing  struc¬ 
tures  are  amenable  to  more  complex  editing  systems  in 
which  format  codes  are  used  to  determine  paragraphs, 
sentences,  words,  margin  justification,  and  catering. 
The  bit-organized  storage  is  extendable  to  large  char¬ 
acter  sets  (e.g.,  hierographical  languages).  Moreover, 
text  editing  and  data  sorting  or  file  management  are 
similar  in  nature,  and  thus  application  for  one  are 
extendable  to  other  applications. 

(E)  Implementation  by  other  technologies  -  The 
device  and  system  configurations  as  described  in  this 
paper  could  also  be  implemented  by  dynamic  shift-regi¬ 
ster  devices  other  than  bubbles ,  for  example  charge- 
coupled  devices. 
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ABSTRACT 


Static  and  dynamic  properties  of  hard  magnetic  bubbles,  both  in 
circular  and  dumbbell  form,  are  investigated.  Exchange  repulsion  be¬ 
tween  Bloch  lines  (BL’s)  increases  the  radii  of  circular  domains  and 
makes  dumbbells  stable.  Extension  of  Thiele’s  theory  accounts  si¬ 
multaneously  for  the  circle-dumbbell  and  circle— collapse  boundaries 
in  the  diameter  versus  bias-field  diagram.  A  theory  of  hard-bubble 
skewed  translation  is  given.  Experiments  on  bubbles  translating 
with  small  deflection  angles  show  a  quantization  in  angle  which  sup¬ 
ports  the  theory  and  makes  it  possible  to  identify  bubbles  with  only 
a  few  BL’s.  Dumbbells  are  observed  to  rotate  in  pulsed  bias  fields. 
A  laser  photographic  technique  with  10  nsec  resolution  is  used  to 
study  the  rotation  as  a  function  of  time.  Two  models  of  the  rotation 
effect  attribute  the  rotation  to  gyrotropic  reaction  caused  by  the 
change  of  domain  length  in  response  to  the  pulse. 

INTRODUCTION 


Until  recently,  domain  walls  in  thin  magnetic  layers  of  bubble 
domain  material  were  always  assumed  to  be  of  the  simple  Bloch  type, 
with  the  average  wall  moment  lying  in  the  planes  of  the  wall  and  the 
film.  However,  transition  regions  separating  two  opposite  directions 
of  wall  moment  can  exist;  they  are  called  "Bloch  lines"  (BL’s)  or 
"Neel  segments".  Vertical  BL’s  are  illustrated  in  Fig.  1;  they  are 
assumed  to  exist  through  Jhe  thickness  of  the  film  and  were  first 
observed  by  Grundy  et  al.  in  cobalt. ^  Horizontal  BL’s  may  also  exist 
and  were  first  invoked  by  Slonczewski  9  to  explain  velocity  satura¬ 
tion  in  garnet  and  hexaferrjLte  films;  static  horizontal  BL’s  have  also 
been  proposed  by  SchlBmann. 


More  recently  "hard"  bubbles  have  been  observed  9  which  col¬ 
lapse  at  higher  quasistatic  bias  fields  than  normal  bubbles,  and 
dumbbells  have^been  observed  which  have  a  stable  dependence  of  leggth 
on  bias  field.  Thes^  effects  have  been  attributed  by  Malozemoff 
and  Rosencwaig  et  al.  to  the  mutual  repulsion  of  neighboring 
vertical  BL’s.  Dynamic  effects  in  these  domains  are  diverse  and 
sometimes  startling.  In  bubble  collapse  experiments,  the  radialg 
mobility  was  reduced  by  a  factor  of  10  in  one  low-loss  material  • 

In  bubble  translation,  vertical  BL’s  cause  a  deflection  of  the  bubble 


_ O  _ _ O _ 

a)  —  —  VS  t  /^.  -L—  b)  — - •VINX. — r  — 

<g>  0 

Fig.  1.  Moment  configurations  for  (a)  "positive"  and  (b)  "negative" 
vertical  Bloch  lines,  viewed  perpendicular  to  the  film  plane. 


Reprinted  with  permission  from  Proceedings  of  the  AIP  18th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials,  1972,  pp.  458-477. 
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from  the  gradient  field  direction.  *  Dumbbell  domains  exhibit  a 
rotation  when  the  bias  field  is  pulsed.  In  fact,  dynamic  effects 
depend  so  sensitively  on  BL’s  that  even  the  presence  of  a  single  pair 
may  be  detected,  as  we  will  show  below.  The  large  number  of  papers 
in  this  session  attests  to  the  explosion  of  interest  in  BLfs. 

In  this  paper  we  give  an  overview  of  our  recent  experimental  and 
theoretical  studies  of  these  effects,  with  special  emphasis  on  those 

topics  which  might  not  be  covered  in  the  related  paper  by  Tabor 
at  this  conference.  In  Section  I  we  describe  the  statics  of  dumbbells 
and  bubbles;  in  II  the  instability  of  these  domains  with  respect  to 
collapse  or  elliptic  distortion;  in  III  the  effects  of  BL’s  in  radial 
bubble  motion;  in  IV  the  theory  of  bubble  motion  in  a  gradient;  in 

V  some  experimental  results  on  bubble  motion  in  a  gradient;  and  in 

VI  and  VII  experiments  and  theory  on  rotation  of  dumbbells. 

I.  STATIC  EQUILIBRIUM 

We  have  studied  low  damping  garnet  films  of  the  general  compoj^ 
sitions  (Eu,  Y,  Yb,  Tb)3(Fe,  Ga) 50  grown  by  liquid  phase  epitaxy 
and  typically  5y  thick.  To  study  the  static  properties  of  the  do¬ 
mains,  each  domain  was  isolated  from  any  others  to  avoid  interactions 
which  might  affect  its  dimensions  or  orientation;  for  example, 
spacings  were  kept  greater  than  50y  for  samples  which  had  the  maximum 
bubble  size  of  5y.  The  field  was  increased  monotonically  to  avoid 
inconsistencies  due  to  coercivity.  Only  those  dgmgins  were  measured 
which  fell  within  a  small  area  of  the  sample  (10  y  )  so  as  to  mini¬ 
mize  any  effects  of  long  range  gradients  in  the  film.  Photographs 
on  high  speed  Polaroid  film  were  taken  at  600X  magnification  under 
conditions  of  constant  lighting  and  focus,  and  it  was  found  that  the 
domain  dimensions  could  be  measured  with  a  reproducibility  of  down 
to  about  0.15y  for  bubbles  and  of  order  0.5y  for  dumbbell  stripes. 

The  absolute  accuracy  of  these  measurements  is  poorer,  especially 
for  domain  sizes  below  3y  in  thick  samples  (>5y)  where  there  is  no 
longer  a  clear  boundary  for  the  domain. 

Data  was  taken  on  various  bubbles  and  also  "dumbbell"  shaped 
stripes,  which  have  bulbous  ends  and  a  narrow  body  as  indicated  in 
Fig.  2.  As  the  field  was  increased,  some  dumbbells  became  elliptical 
and  eventually  turned  into  bubbles,  showing  that  the  dumbbells  and 
bubbles  are  aspects  of  the  same  phenomenon.  The  array  of  different 
domain  properties  is  shown  in  Fig.  2,  where  the  major  axes  of  dumb¬ 
bells,  ellipses,  and  bubbles  are^plotted  on  the  same  graph.  As  sug¬ 
gested  in  an  earlier  publication  ,  each  curve  is  interpreted  to  con¬ 
tain  a  different  number  n  of  BL?s;  the  larger  the  domain  at  a  given 
field,  the  more  BLfs  it  contains.  Clearly  there  is  no  upper  limit 
to  the  number  of  BL’s  that  can  be  accommodated  in  a  dumbbell  of 
arbitrary  length.  It  is  important  to  emphasize,  however,  that  such 
dumbbells  are  different  from  normal  stripes  which  occur  on  "runout", 
for  they  exist  above  the  runout  field  (which  is  around  80  Oe  in  the 
sample  of  Fig.  2)  and  have  stable  dependence  of  length  on  bias  field. 

The  domains  were  nucleated  in  the  following  simple  way:  a  bias 
field  was  pulsed  on  a  series  of  stripes  so  as  to  chop  the  stripes. 
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BIAS  FIELD  (OERSTEDS) 

Fig.  2.  Shapes  and  sizes  of  hard 
bubbles  versus  bias  field  increased 
quasistatically ,  in  a  5^5y  thick 
garnet  film  of  composition 

(Tb0 . 04Eu0 . 66Y2 . 3^Fe3 . 85Gal .  15  ^  °12 


Fig.  3o  Field  dependence 
of  length  and  width  of  a 
dumbbell  domain,  in  in¬ 
creasing  and  decreasing 
(from  100  Oe)  bias  fields, 
showing  coercivity.  Same 
sample  as  Fig.  2.  •'Theory11 
is  a  plot  of  (1.5). 


Even  with  a  single  pulse,  some  of  the  resulting  bubbles  showed  BL 
properties  such  as  sideways  deflection  in  a  gradient  field.  The 
number  of  hard  bubbles  and  dumbbells  obtained  increased  roughly  with 
the  number  of  pulses.  Often  the  sizes  of  the  domains  obtained  in 
this  way  come  in  groups;  however  these  groupings  have  been  found  to 
depend  gngnucleation  conditions.  Thus,  contrary  to  an  earlier  sug¬ 
gestion  9  ,  it  is  doubtful  that  the  steps  between  the  curves  of  Fig. 

2  or  of  Reference  6  can  be  associated  with  the  addition  of  just  two 
Bloch  lines.  That  is,  these  curves  are  merely  typical,  and  in  many 
cases  others  have  been  found  which  fall  between  them. 

Any  one  of  these  domains,  studied  with  both  increasing  and  de¬ 
creasing  fields,  shows  curves  displaced  from  one  another  by  a  field 
difference  which  is  a  measure  of  the  coercivity.  The  bubbles  in 
Fig.  2  which  have  curves  below  that  of  the  one  with  the  maximum 
collapse  field  generally  show  differences  of  order  1  Oe;  however  the 
apparent  coercivity  becomes  larger  for  the  largest  bubbles  especially 
near  runout  and  is  typically  3  Oe  for  the  major  axis  of  a  dumbbell  in 
this  sample  as  shown  in  Fig.  3;  so  it  must  be  taken  into  account  in 
a  comparison  with  theory. 
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To  review  the  theory  of  the  effect  of  BLf s  on  the  static  proper¬ 
ties  of  domains,  let  us  consider  a  domain  with  n  BLfs  along  its  per¬ 
imeter  P,  in  a  film  of  thickness  h,  uniaxial  anisotropy  K,  exchange 
energy  A,  and  magnetization  4ttM.  We  define  A  as  the  Bloch  wall  width, 

A  =  Jkllid/jF ■  the  Bloch  line  width  first  calculated  by  Grundy  et  al.^>^, 
2 

and  Q  =  K/2ttM  the  quality  factor  of  the  material,  which  is  assumed 
to  be  greater  than  1.  .  ■ 

As  long  as  the  BL’s  are  all  of  the  same  sense,  as  indicated 
for  example  in  Fig.  4,  they  cannot  unwind,  and  as  the  bias  field  is 
raised  and  the  perimeter  shrinks,  the  BL’s  are  forced  together  gen¬ 
erating  exchange  energy.  If  ip  rotates  at  a  constant  rate  n$/2,  where 
n  is  even  and  of  either  sign,  and  3  is  the  angular  position  along  the 
wall  in  Fig.  4,  the  total  BL  exchange  energy  is 

WBL  =  2n2ir2AAh/P  .  (1.1) 

This  "tight-winding”  approximation  breaks  down  when  the  exchange 
energy  becomes  so  small  that  it  is  comparable  to  the  average  magneto¬ 
static  energy  2ttAM  ,  that  is,  when  P  >  |  t/2xittA |  .  On  the  other  hand, 
when  the  exchange  energy  becomes  large  compared  to  even  the  usual 
Bloch  wall  energy,  then  the  Bloch  wall  thickness  will  shrink  from 
Aq  =  /a/K'  to 

A  =  {A/[K  +  A(nir/P)2]}1/2  (1.2) 

as  discussed  by  Rosencwaig  et  al.^,  where  we  have  ignored  magneto¬ 
static  corrections.  This  occurs  when  P  <  |n7rA  |.  Thus  we  find  that 
the  formula  (1.1)  with  A=A  should  be  a  reasonable  approximation  over 
a  range  of  domain  perimeters 


P  /P  .  * 

max  mm 


(1.3) 


That  is,  the  larger  the  Q  of  a  bubble  domain  material,  the  more  use¬ 
ful  is  this  simple  approximation. 


For  example,  using  (1.1)  and  the  previously  known  energy  of  a 

12 

stripe  as  a  function  of  its  length  L  and  width  w,  we  find  ttje 
equilibrium  length  of  a  dumbbell  stripe  containing  BLfs  to  be 


L  =  y|n|irA[4irMA/w(H-Hro)]1/2 


(1.4) 


where  H  is  the  applied  bias  field  and  HrQ  is  the  runout  field  of  a 
normal  stripe.  Thus  if  the  quasistatic  length  vs  field  data  is 
plotted  as  L  vs  H,  the  intercept  along  the  field  axis  should  be 
the  runout  field  and  the  slope  is  a, measure  of  the  number  of  BL’s  n. 
As  shown  in  Fig.  5,  the  "anhysteretic"  values  obtained  by  averaging 
data  points  for  increasing  and  decreasing  fields  are  linear  over  a 


range  of  10  Oe  and  extrapolate  to  Hro=83,  which  is  in  reasonable 
agreement  with  the  onset  of  ellipticity  in  the  normal  bubble  of  Fig. 
2.  We  use  w=2.2y,  4ttM=170  Oe,  and  K=3250  erg/cm  as  measured  from 
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tion  and  variables  for  a  hard 
bubble. 

Fig.  5  (right).  Test  of  dumbbell 
length  theory  (1.4),  using  data 
of  Fig.  3. 


conventional  domain  statics,  and  A^3xl0  erg/cm,  and  we  find  |n|=60. 
This  result  is  probably  an  underestimate  because  we  have  ignored  the 
bulbous  ends  of  the  dumbbell  in  the  theory. 

The  deviation  from  linearity  at  low  fields  in  Fig.  5  goes  in 
the  opposite  direction  from  the  way  expected  from  the  breakdown  of 
the  tight-winding  approximation;  but  study  of  this  region  is  clouded 
by  the  large  effects  of  coercivity.  The  deviation  at  large  fields 
can  be  attributed  to  the  onset  of  Bloch  wall  width  contraction.  A 

—2 

larger  deviation  in  a  L  vs  H  plot  occurs  for  shorter  dumbbells 
which  begin  to  become  elliptical  before  they  collapse.  This  devia¬ 
tion  may  be  understood  in  terms  of  an  increase  in  the  size  of  w  in 
equation  (1.4).  The  dumbbell  of  Fig.  3,  however,  is  sufficiently 
long  that  the  width  decreases  smoothly  with  increasing  bias  field. 

This  data  can  be  compared  to  a  simple  magnetostatic  model  for  the 
equilibrium  width  of  a  stripe"^: 

H/4ttM  =  1  -  tt  ~1[2tan"1(w/h)  +  (w/h) in(l+h2/w2)  ]  .  (1.5) 

The  theory  is  plotted  in  Fig.  3,  showing  good  agreement  considering 
the  possible  absolute  error  in  the  measurement  of  the  width  and  the 
sensitivity  of  the  theory  to  small  changes  in  4ttM  or  h. 

The  statics  ^f  bubbles  with  BL’s  has  already  been  discussed  by 
Rosencwaig  et  al.  •  Based  on  essentially  the  same  model,  our  re— 
suits  show  a  value  of  |n|=80  for  the  hardest  bubble  In  Fig.  2,  that 
is,  the  one  collapsing  at  the  highest  bias  field.  This  is  not  con¬ 
sistent  with  our  dumbbell  value  Jn|=60  above,  which  ought  to  be  greater 
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since  it  lies  on  a  higher  curve  in  Fig.  2.  It  is  not  clear 
whether  the  disagreement  is  due  to  a  difference  between  walls  in 
dumbbells  and  bubbles  or  merely  to  uncertainties  in  various  experi¬ 
mental  parameters. 

II.  STATIC  STABILITY 

Figures  2  and  6  show  the  collapse  and  runout  fields  of  various 
bubbles  and  dumbbells.  As  the  number  of  BL’s  increases  from  zero  in 
Fig.  2,  the  collapse  fields  of  the  bubbles  first  increase  and  then  de¬ 
crease.  The  dumbbells  undergo  an  instability  at  approximately  the 
same  field  104  Oe  in  Fig.  2)  no  matter  what  their  length;  if 
they  are  sufficiently  long  they  often  shrink  irreversibly  to  a  smal¬ 
ler  size  domain,  which  may  then  persist  to  higher  fields  by  following 
one  of  the  bubble  curves  of  Fig.  2. 

We  cannot  exclude  the  possibility  that  these  effects  might  be 
due  to  some  critical  Bloch  line  density  beyond  which  the  wall  struc¬ 
ture  is  unstable.  Nevertheless  we  propose  a  simple  extension  of 
Thiele’s  model1  of  elliptic  and  radial  instability,  by  including  the 
BL  energy  terms,  which  may  account  for  these  effects  also.  An  ellip- 
tically  distorted  domain  is  represented  by 

r  =  r  +  r0  cos  23  '  (2.1) 

o  2 

where  3  is  the  angular  position  of  a  point  on  the  domain  wall  as 
defined  in  Fig.  4,  and  r  and  r^  are  the  variable  parameters  describ¬ 
ing  the  shape.  The  only  assumption  we  need  make  about  the  wall 
energy  W  is  that  it  is  distributed  uniformly  over  the  wall  surface. 
Thus  the  total  energy  of  the  bubble  is 

W=WD(rQ,r2)  +  Wn[P(rQ,r2)]  +  2MHh  A(rQ,r2)  (2.2) 

where  is  the  magnetostatic  energy,  P  is  the  perimeter  of  the 
domain,  and  A  is  the  cross-sectional  area.  To  second  order  in 
we  find 

P  =  2ir(r  +  r2r  1) ,  A  =  ir(r  2+r2/2)  (2.3) 

o  Z  o  O  Z 

The  conditions  for  the  radial  equilibrium  of  a  cylindrical  domain 
and  its  stability  against  elliptic  deformation  are 

3W/3ro)o=0,  32W/3r2>0  >0  (2.4) 

where  )Q  means  the  derivative  is  evaluated  at  r2=0.  The  functional 
dependence  of  W  on  P  turns  out  not  to  be  material.  For,  using  the 
relations 

32wn/3r22)o=(2/ro)9Wn/3ro)o>  32A/8r22)o=(l/2ro) 3A/3rQ)o=ir  ,  (2.5) 

we  can  eliminate  Wn  in  (2.4)  to  give  the  condition 

6irMHh  <  32Wn/ 3r  2)  -(2/r  )WJ%j:  )  .  (2.6) 

D  Z  O  O  D  O  O 
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In  terms  of  the  dimensionless  functions  F  and  S2  evaluated  by  Thiele 
this  condition  is 

H/4ttM  <  (h/d)[F(d/h)  -  S2(d/h)]  „  (2.7) 

This  single  condition  is  independent  of  n  and  holds  only  within 
the  limitations  of  the  cylinder  model  of  the  domain.  It  holds  equal¬ 
ly  well  whether  the  elliptic  distortion  tends  to  a  new  equilibrium 
shape  or  to  an  assumed  domain  annihilation.  Thus  the  circle-stripe 
boundary  and  the  circle-collapse  boundary  should  join  to  form  a 
single  analytic  curve.  Fig.  6  shows  that  this  curve  (2.7)  is  in 
reasonable  agreement  with  the 
collapse  and  runout  of  bubbles 
which  lie  above  the  curve  of 
the  "hardest"  bubble  collaps¬ 
ing  at  the  highest  field.  The 
discrepancy  decreases  with  in¬ 
creasing  d/h  as  the  cylinder 
model  becomes  more  accurate. 

We  note  that  the  collapse  of 
dumbbells  sets  in  at  a  value 
of  field  between  the  bubble 
collapse  and  runout  fields 
considered  here;  this  fact  sug¬ 
gests  that  the  dumbbell  insta¬ 
bility  starts  by  distortion  of 
its  elliptical  ends,  since  the 
minimum  radius  of  curvature 
of  these  ends  is  close  to  the 
value  predicted  by  (2.7).  The  collapse  fields  of  "intermediate"  bub¬ 
bles,  that  is,  those  lying  below  the  curve  of  the  hardest  bubble  in 
Fig.  2,  occur  at  very  small  diameters  and  may  oj^ur  by  a  radial  in¬ 
stability  similar  to  that  of  the  normal  bubble.  In  view  of  the 
poor  experimental  accuracy  and  the  likely  breakdown  of  the  cylindri¬ 
cal  model  for  such  small  diameters,  we, do  not  attempt  any  quantita¬ 
tive  theory  here. 

III.  DYNAMICS  OF  BLOCH  WALLS  AND  BLOCH  LINES 

Here  we  review  the  role  of  BLf s  in  the  radial-collapse  mobility 
of  a  magnetic  bubble.  Since  radial  motion  is  essentially  like  the 
parallel  motion  of  an  infinitely  long  straight  wall,  it  is  the 
simplest  case.  The  more  complex  phenomena  of  bubble  translation  and 
dumbbell  rotation  are  discussed  in  later  sections. 

8 

Figure  7  shows  pulse-collapse  data  for  bubbles  in  a  garnet  film 
of  composition  (Ybg  i5Euq  65Y2  2^Gal  lFe3  9^12*  T^e  uPPer  Pair  °f 
curves  is  for  a  normal  bubble  presumed  not  to  have  any  vertical  BL’s 
in  the  static  state.  The  initial  diameters  d=5.1  and  6.0  microns 
differ  because  the  bias  fields  differ.  The  lower  set  of  four  curves 
is  for  hard  bubbles.  In  the  case  of  the  normal  bubbles,  the  steep 
portions  of  the  curves  reflect  the  very  high  initial  mobility  p  of  a 
low-loss  garnet.  The  velocity  satifies  the  standard  relation 


Fig.  6.  Collapse  and  elliptic  dis¬ 
tortion  boundaries,  using  data  from 
Fig.  2.  "Theory"  is  a  plot  of  (2.7). 


i 
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(3.1) 


v=yHp=Aya 


P 


where  y  is  the  gyromagnetic  ratio,  a  is  the  Gilbert  damping  parameter 
and  H  is  the  pulsed-field  amplitude.  The  initial  mobility  is  in 
fact  so  high  that  it  cannot  be  y^asured  by  the  collapse  method.  How¬ 
ever,  a  photometric  measurement  ^  of  stripe  mobility  gives  u=3000 
cm/sec  Oe  from  which  a=0.02  is  estimated. 


Fig.  7.  Pulse  collapse  for  a  normal 
(above)  and  a  hard  (below)  bubble 
with  schematic  diagrams  indicating 
the  horizontal  Bloch  lines,  static 
and  dynamic,  of  the  normal  bubble,,  and 
the  circulating  vertical  Bloch  lines 
of  the  hard  bubble.  Sample  of  Refs. 

6  and  8,  7y  thick  and  of  composition 

<Yb0 . 15Eu0 . 65Y2 . 2  ^Fe3 . 9Gal .  °12  * 


The  apparent  saturation  of  the  normal-bubble  velocity  at  high 
H  ,  which  is  evident  in  Fig.  7,  has  been  attributed  to  the  cyclic 
generation,  transport  and  annihilation  of  horizontal  BL’s  9  .  The 
"knee  velocity"  for  this  region  is  calculated  by  balancing  the  power 
2MH  ^  supplied  by  the  drive  against  the  energy  dissipated  by  the 
replate|eannihilation  of  BL’s.  The  resulting  expression  is 

v,  =7.7yA/K1/2h,  (3.2) 

knee 

where  h  is  film  thickness.  Knee  velocities  measured  in  a  set  of  8 
films «and  platelets  with  diverse  parameter  values,  including  a  ratio 
of  l(j  between  the  largest  and  smallest  K,  agree  with  Eq.  (3.2)  with¬ 
in  factors  of  2  or  3.  9 

The  different  diameters  d  of  the  lower  set  of  curves  also  reflect 
different  bias  fields;  the  vertical  BL  number  |n|  is  nearly  constant. 
Except  for  the  initial  portions,  which  are  distorted  by  the  internal 
bubble  force,  these  curves  indicate  a  differential  mobility  far  t 
smaller  than  that  of  normal  walls. 

The  low  velocity  of  the  hard  bubblj|  may  be  explained  with  the 
aid  of  general  equations  of  wall  motion 

6a/6i|i  =  (2M/y)  (q-aAiJi)  (3.3) 

(3.4) 
vari- 


6a/6q  =  -(2M/y )($  +  aA  "^q)  , 

valid  under  the  condition  |A|«|q|.  Here  5a  is  the  wall— surface 
ation  of  the  total  energy  W,  defined  by 
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(3.5) 


6W  =  JfSadS  , 

where  the  surface  integral  is  carried  over  all  wall  surfaces.  Thus, 
Eq.  (3.3)  balances  the  torque  -6cr/6\p  arising  from  stored  energy 
against  a  dynamic  reaction  composed  of  gyro tropic  and  dissipative 
components.  Similarly,  Eq.  (3.4)  balances  the  pressure  -6a/ 6q  on 
the  wall  surface  against  gyrotropic  and  dissipative  reactions. 


Since,  in  the  problem  of  an  infinite  wall,  the  only  essential 

pressure  2MH  is  due  to  the  driving  field  H  ,  Eq.  (3.4)  reduces  to 
P  P 

q  =  Aa  1(yhp  “  {0  •  (3.6) 

Now  if  ip  is  held  constant  by  demagnetizing  or  other  energy-conserving 
forces,  then  this  equation  reduces  to  the  standard  (3.1). 

But  there  arj^two  cases  in  which  ip  precesses  freely.  One  is  at  very 
high  drives,  where  the  demagnetizing  field  becomes  insufficient 
to  restrain  ip.  The  other  is  in  the  presence  of  vertical  BL’s  9  , 


because  of  which  the  demagnetizing  torque  is  balanced  by  the  exchange 


torque  arising  from  adjustments  of  the  twisted  configuration  i/;=n$/2. 
In  these  cases  without  conservative  torques,  Eq.  (3.3)  becomes 


0  =  q  -  aAifi  .  (3.7) 

8  9  15 

Eliminating  $  from  the  last  two  equations,  we  find  9  9 

q  =  Ay (a-1  +  a)_1Hp  .  (3.8) 

Comparing  Eqs.  (3.1^  and  (3.8)  we  see  that  vertical  BLfs  should 

reduce  y  by  the  factor  a  for  a<<l.  For  the  specimen  under  discus- 

2 

sion,  this  predicts  a  hard-bubble  mobility  of  (0.02)  x3000=1.2  cm/sec 
Oe,  which  compares  favorably  with  the  value  1.3  cm/sec  0e+50%  es¬ 
timated  from  the  data  in  Fig.  7. 

IV.  THEORY  OF  BUBBLE  MOTION 


Instances  of  hard-bubble  motion  in  a  direction  different 

that  of  the  applied  field  gradient  have  been  reported  recently.  9 
9 

Vella-Coleiro  et  al.  proposed  a  non-linear  theory  of  both  longitu¬ 
dinal  and  transverse  components  of  mobility  to  explain  this  effect; 
however,  their  theory  employs  a  drive-dependent  function  f  determined 
only  from  the  dynamic  data  to  be  explained.  Subsequently,  one  of  us 
proposed  a  linear  theory  which  fully  predicts  the  mobility  from  ^ 
material  parameters,  and  which  enjoys  some  support  from  experiment. 


To  explain  the  deflection  effect,  let  us  consider  a  bubble 
moving  with  uniform  velocity  V  parallel  to  the  x-axis,  as  in  Fig.  4, 
and  then  calculate  the  externally  supplied  force  required  to  maintain 
this  motion.  Assume  that  the  BL  structure  is  static  with  respect  to 
the  reference  frame  of  the  bubble.  Consider  a  BL  localized  at  a 
point  A  in  Fig.  4  where  the  normal  wall  velocity  q  vanishes.  Let  us 
neglect  viscous  damping  (a=0).  Then  from  Eq.  (3.4)  we  calculate  the 
y-component  of  force  f^  on  the  bubble  arising  from  the  gyrotropic 
reaction  pressure  -(2M/y)iJ>: 
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fy  =  -h/(2M/y)  (dip/dt)dx=-2hMy  ^J(dx/dt)dip=±27rhMV/y  ,  (4.1) 

where  the  last  equality  follows  from  the  definition  that  a  BL  repre¬ 
sents  a  change  of  ±tt  in  i|j. 

But  now  consider  a  BL  at  a  point  such  as  B,  where  ip=0.  Here 
the  above  mechanism  gives  no  force.  However,  -q=V^0  implies  a  torque 
according  to  Eq.  (3.3).  One  finds  that  this  contributes  a  force  'f 
given  again  by  the  above  equation. 

More  generally,  f  is  found  not  to  depend  on  position  of  the 
BL  on  the  bubble  wall.^  Moreover,  the  above  derivation  illustrates 
the  remarkable  fact  that  it  does  not  depend  on  the  thicknesses  or  any 
other  structural  characteristics  of  the  wall  or  line.  Equation  (4.1) 
implies  that,  in  the  absence  of  dissipation,  application  of  a  force 
F  = I n I f  on  a  bubble  with  n  BLfs  with  the  same  sense  will  produce  a 

y  y 

velocity  V  in  the  x  direction. 


To  calculate  the  mobility  systematically,  consider  a  circular 
bubble,  with  internal  energy  W^,  .whose  center  lies  at  the  point 
X,Y.  The  energy  of  the  bubble  in  an  external  field  Hz  with  a  uni¬ 
form  gradient  is 

w  =  2irr2hMH  (X,Y)+W,  (r) . 

Z  D 

Thus  the  radial  (F  )  and  translational  (F  ,F  )  forces  on  the  bubble 
r  x  y 

are 

FrE-3W/3r=-4TrrhMHeff ,  Heff  EHz+[  (3Wb'/3r)/4TrrhM] 

F  E-3W/3X=-2irr2hM3H  /3X  (4.2) 

X  z 

F  E-3W/3Y=-2irr2hM3H  /3Y. 

y  z 


Our  procedure  will  be  to  calculate  forces  of  dynamic  reaction  to  an 
assumed  state  of  motion,  and  then  to  equate  the  results  with  the 
expressions  (4.2). 

Neglecting  any  z-dependence,  we  consider  the  energy  variation 

6W=h^  [  (<5cr/6<p)  6iJH-(6a/6q)  6q]ds ,  (4.3) 

where  q  is  the  outward  normal  wall  displacement,  and  the  path  integral 
over  ds  is  taken  once  around  the  domain  perimeter.  Substituting  the 
equations  of  motion  (3.3)  and  (3.4)  we  find 

6W=(2hM/y)^ds  [  (q-aA$)  Sip-  ($+aA  ^q+yH^sgn  q)6q],  (4.4) 

where  we  have  arbitrarily  included  the  term  -2MHcsgn  q  in  the  pres¬ 
sure  to  represent  the  effect  of  coercivity  (Hc=constant) . 

Let  us  assume  that  the  domain  moves  at  a  uniform  velocity  V=& 
without  distortion  of  its  circular  form.  Its  radius  r  may  vary, 
however.  Then  the  wall-velocity  at  a  point  specified  by  the  polar 
angle  3  of  Fig.  4  is 

q  =  r  +  Vcos  3  (4.5) 

We  let  v  ($,t)  be  the  wall-moment  angle  in  the  reference  frame  of 


567 


the  bubble.  Since  $  must  be  evaluated  in  the  laboratory  frame,  we 
have  the  transformation 

$  =  v  +  r  *V(3v/33)  sin3  .  (4.6) 

We  consider  r,  X,  Y,  and  the  function  v  (3)  to  be  independent 
variables  which  are  functions  of  time.  Then  the  variations  appearing 
in  Eq.  (4.4)  may  be  written 

6\p=6v  +  r  ^(9v/33)  (dX  sin  3  -dY  cos  3)  ,  (4.7) 

6q  =  dr  +  dX  cos3  +dY  sinft  .  (4 0 8) 

High  BL  density  (tight-winding  approximation) 

We  negjgct  all  ^-dependent  energy  terms  in  a  except  the  ex¬ 
change  term 

aex  =  2AAi:-2(3v/93)2.  (4.9) 

9 

We  also  neglect  the  dependence  of  A  on  BL  density,  although  one  can 
show  the  results  derived  below  [Eqs.  (4 .13)-4. 15) ]  are  unaffected  by 
this  consideration  to  first  order  in  V.  Substituting  Eqs.  (4.5-7) 
and  (4.9)  in  (3.3)  we  find 

-2  2  2  -1  -1 
-4AAr  (3  v/33  )  =  2My  [r+Vcos3-aAv-aAr  V(3v/33)sin3]  (4.10) 

Considering  the  boundary  condition 

v(3+2tt)  =  v(3)-Hm  (4.11) 

implied  by  the  assumption  of  n  BL?s,  we  find  the  solution 

v=(n/2) 3+(r/aA)+(Mr^/2AAy)Vcos3-(aMnr/4Ay) Vsin3  ,  (4.12) 

correct  to  first  order  in  aV  and  zero  order  in  rV.  This  equation  de¬ 
scribes  the  rearrangement  of  BL’s  due  to  dynamic  reaction. 

We  may  now  substitute  Eqs.  (4.5-8)  and  (4.12)  into  (4.4).  As¬ 
suming  V>> I r I ,  we  may  replace  sgn  q  with  sgn  cos 3.  The  integration 
9  ds  ->  rf  d3  is  trivial  and  the  results  for  3W/3r,  3W/3X,  and  3W/3Y 
are  combined  with  Eqs.  (4.2)  to  give 


HZ,  eff  =  , 

(4.13) 

3H  /3X=(otV/Yr4)[l+(nA/2r)2]  +  (4H  /vr) , 
z  c 

(4.14) 

3Hz/3Y=nV/yr2 

(4.15) 

Equation  (4.13)  agrees  with  our  previous  (3.8),  confirming  the  ap¬ 
plication  of  the  infinite-wall  model  to  radial  collapse.  Moreover, 
the  absence  of  r  in  Eqs.  (4.14)  and  (4.15)  shows  that  the  radial 
and  translational  motions  do  not  interfere  in  first  order,  except 
through  the  coercivity,  whose  interference  we  eliminated  by  our 
assumption  |r|«V. 

According  to  Eq.  (4.14),  BL’s  influence  the  longitudinal  field- 
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gradient  in  two  ways.  One  way  is  through  their  effect  on  A  in  the 
denominator  [see  Eq.  (1.2)].  The  second  way  is  through  the  factor 
l+(nA/2r)  which  varies  from  1  to  2  as  |n|  varies  from  0  to  °°.  This 
correction  is  attributable  to  the  viscous  drag  on  the  twisted  wall- 

2  2  2  i  i 

moment  proportional  to  a$  oc(dv/d3)  an  •  As  |n|  increases,  this  cor¬ 
rection  increases  until,  for  large  |n| ,  the  Bloch-wall  and  BL  thick¬ 
nesses  are  equal.  Then  the  viscous  drags  on  both  structures  are 
equal,  and  the  correction  factor  is  2. 

We  compare  the  theory  briefly  with  the  data  of  Tabor  et  al.^ 
for  3  bubbles  in  a  film  of  YGdTmGaQ  gFe4  2°12;  the  deta±ls  are 
discussed  elsewhere*^.  In  the  experiment,,  the  gradient  direction  is 
prescribed  rather  than  the  velocity,  and  the  velocity  components  para¬ 
llel  (V/#)  and  perpendicular  (V^)  to  the  applied  gradient  H^/d  are 
measured.  Simple  geometry  shows  that  Eq.  (4.15)  may  be  written 

4V2/yVxd  =  Ha/n  .  (4.16) 

This  relation  is  tested  by  the  plot  in  Fig.  8.  For  the  two  larger 
bubbles,  the  data  is  sufficient 
to  support  the  predicted  linearity 
of  the  effect.  The  values  |n|=95 
and  125,  obtained  by  fitting 
straight  lines,  agree  with  the 
estimate  |n|=100  based  on  static 
5  9  17 

data  *  .  (Our  original  analysis 

gave  twice  these  values  because  of 
the  missing  factor  2  in  the  origi¬ 
nal  equations  corresponding  to 
(4.15)  and  (4.16).)  Note  that  no 
data  points  may  lie  below  the  or¬ 
dinate  H  /2 Ini . 
c 

Tjje  theory  of  Vella-Coleiro 
et  al.  differs  from  ours  in  at¬ 
tributing  a  great  role  in  the 
distortion  of  Bloch-line  structure 
brought  about  by  the  drive  field, 
described  by  the  V-dependent  terms 
in  Eq.  (4.12).  Their  adjustable, 
drive-dependent  function  f  implies 
markedly  non-linear  behavior,  offering  no  explanation  of  the  experi¬ 
mental  linearity  apparent  in  Fig.  8.  For  an  appropriate  constant 
value  of  f ,  their  theory  reduces  to  something  resembling  ours  in  the 
limit  H  =0,  A=2r4n|,  and  small  a,  but  more  generally  the  theories  do 
not  agree.  [At  press  time  we  have  learned  of  unpublished  calculations 
by  Thiele,  Hagedom,  and  Vella-Coleiro,  which  agree  with  special  cases 
of  our  Eqs.  (4.14-15)]. 

General  BL  density 

In  the  next  section  we  will  describe  experiments  on  the  mobil¬ 
ity  of  bubbles  with  small  |n|.  Since  the  high-density  theory  given 


Fig.  8.  Test  of  transverse- 
gradient  relation  (4.16), 
using  data  of  Ref.  5  and 
coercivity  values  supplied  by 
the  authors. 
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above  is  not  applicable,  we  consider  the  more  general  case.  It  is 
made  difficult  by  the  necessity  of  replacing  Eq.  (4.9)  with  a  more 
general  surface  energy  density.  It  is  easy,  however,  if  we  plausi¬ 
bly  assume  r=0  and  v=0  in  the  absence  of  e£f  this  case, 

many  terms  in  Eq.  (4.4)  vanish  and  one  finds,  in  place  of  (4.f5), 

8Hz/3Y  =  (Vn/yr2) (1-c) ,  (4.17) 

where  the  correction  c  is 

c=(aA/27Trn) J27T(3v/33)2  sin2$d$  ,  (4.18) 

o 

for  a  general  function  v(3). 

Since  |sin23|  1,  an  upper  bound  on  c  is 

|c|<^(aA/2nr)  |J7T(dv/de)dv|  . 
o 

If  the  Bloch  lines  are  not  squeezed  together  overly  hard,  and  the 
wall-demagnetization  energy  is  included  in  a,  the  Euler  equation  for 

3 

the  BL  structure  takes  the  form 

dv/d3  =  (r/A)  sinv  ,  A2  =  A/2ttM2  .  (4.19) 

Thus,  finally, 

I  c  |  <  aA/TrA=a/irQ1^2  ,  Q5K/2TTM2  (4.20) 

1/2 

The  condition  a<<TrQ  is  well  satisfied  for  low-damping  garnet  films. 
Therefore,  Eq.  (4.15)  is  quite  accurate  for  any  value  of  n  and  any  V, 
so  long  as  the  domain  remains  circular.  With  respect  to  the  longi¬ 
tudinal  effect,  the  influence  of  Bloch  lines  is  in  any  case  small  so 
that  one  can  set  n=0  in  Eq.  (4.14)  when  |n|<<2r/A. 

V.  TRANSLATIONAL  MOBILITY  EXPERIMENT 

In  this  section  we  describe  a  simple  photographic  method  of 
studying  the  mobility  in  a  gradient  field,  and  present  experimental 
results  for  bubbles  with  small  |n|. 

16 

Following  the  work  of  Cape,  and  of  Afella-Coleiro  and  Tabor  ,  we 
place  a  single  pair  of  parallel  strip  lines  180ym  apart  over  the  area 
of  interest.  A  series  of  pulses  is  applied  in  the  same  direction 
down  the  strip  lines,  and  the  position  of  the  bubble  following  each 
pulse  is  recorded  photographically  in  a  series  of  five  or  more  multiple 
exposures.  Thus  the  path  of  the  bubble  can  be  seen  directly  in  a 
single  photograph.  The  bubble  accelerates  down  the  gradient  because 
of  the  radial  contraction  or  expansion  which  occurs  when  the  bubble 
is  "uphill"  or  "downhill"  from  the  center  line.  To  compensate  for 
this  effect,  we  adopt  the  simple  expedient  of  finding  the  geometric 
center-line  of  the  strip  line  pattern,  measuring  the  displacement  which 
occurs  as  the  bubble  crosses  this  center  line,  and  then  averaging  the 
results  for  both  gradient  polarities  so  as  to  eliminate  any  error  in 
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Fig.  9  (left)o  Histogram  of  hard 
bubble  deflection  angles  from 
pulsed  gradient  field  direction,  in 
sample  of  Fig.  2. 


BLOCH  LINES  =  -4  -2  0  2 

REVOLUTIONS’  -I  0  I  2 

Fig.  10  (above).  Relationship  be¬ 
tween  Bloch  line  numbers  and  revo¬ 
lutions  of  ip  in  bubbles. 


the  determination  of  the  true  zero  point  of  the  gradient  field.  Thus 
a  velocity  is  obtained  which  is  independent  of  perturbations  due  to 
radial  motion. 

For  bubbles  with  collapse  fields  above  96  Oe  in  the  sample  shown 
in  Fig.  2,  results  similar  to  those  reported  by  Tabor  et  al.  were  ob¬ 
tained.  The  bubbles  deflected  by  large  amounts,  the  angles  changed 
with  drive  field,  and  the  net  displacement  per  pulse  appeared  "non¬ 
linear"  in  drive.  However,  the  non-linearity  may  be  attributed  to  the 
interplay  of  a  linear  tensor  mobility  with  coercivity.  For,  al¬ 
though  Eqs.  (4.14)  and  (4.15)  are  linear,  transforming  them  into  the 
forms  of  velocity  components  parallel  V(,  ( | VH  |)  and  perpendicular 
V,  ( I VH  I)  to  the  applied  gradient  VH  yields  formulas  which  are  not 

■—  Z  |  |  z 

linear  in  VH  . 

1  z 1 

Here  we  limit  ourselves  to  bubbles  which  showed  the  lowest  sta¬ 
tic  diameter  vs_  field  curve  in  Fig.  2.  Although  all  of  these  bubbles 
collapsed  at  96+0.5  Oe,  many  showed  small  deflections  in  a  gradient 
field.  In  fact,  at  least  for  bubbles  with  deflection  p  of  magnitude 
less. than  20°,  p  was  independent  of  drive  to  within  experimental 
accuracy,  and  £he  displacement  per  pulse  was  linear,  in  gradients  ex¬ 
ceeding  0.3x10  Oe/cm.  Furthermore,  a  histogram  of  the  different  de¬ 
flections  observed,  in  Fig.  9,  showed  pronounced  peaks  at  p=0,  -14+1°, 
and  13+1°,  as  well  as  indications  of  other  peaks  at  larger  angles. 

The  pattern  persisted  even  with  a  variety  of  nucleation  conditions. 

Excluding  an  earlier  unconfirmed  interpretation  of  quantization 
in  static  properties  ,  this  appears  to  be  the  first  direct  evidence  of 
quantization  of  "hard  bubble"  properties  in  garnet  films.  It  indi- 
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cates  that  even  if  a  bubble  behaves  statically  like  a  "normal 
bubble",  it  may  contain  at  least  a  few  Bloch  lines. 

To  test  the  quantization  hypothesis,  we  calculate  the  number  n 
from  Eq.  (4.15).  Considering  the  geometry  of  the  experiment,  this 
equation  may  be  written  in  the  form  (equivalent  to  (4.16)), 

n  =  -y  d^|VHz|  sinp/4V 

where  p  is  counterclockwise  looking  against  the  bias-field  direction. 
We  use  y=1. 28x10  Oe  sec  as  determined  from  FMR.  In  our  experi¬ 
ments  d|VHz|=2.53  Oe,  d=4.85y,  V (-14°) =547+20  cm/sec  and  V (+13°)  = 
512+20  cm/sec.  From  the  above  equation  we  find  n=+1.9  and  n=-1.8 
for  the  p=-14°  and  +13°  bubbles  respectively.  We  are  thus  encouraged 
to  assign  n=+2  to  these  bubbles. 

Since  the  values  of  |n|  in  this  experiment  are  so  very  small,  an 
otherwise  negligible  distinction  is  worth  considering.  Clearly, 
the  angle  )  in  the  dynamical  equations  must  be  measured  from  a  fixed 
direction,  rather  than  the  tangent  to  the  wall,  as  when  counting 
BL's.  In  the  equation  above,  n  is  twice  the  number  of  revolutions 
which  makes  in  one  circuit  around  the  bubble,  or  2  more  than  the 
true  BL  number.  The  distinction  is  illustrated  in  Fig.  10,  for  small 
values  of  |n|.  Thus  it  is  not  the  normal  bubble,  but  one  with  -2 
BLfs  which  moves  parallel  to  the  gradient.  Therefore  we  attribute 
the  deflection  cluster  at  -14  °  to  normal  (zero  BL)  bubbles,  although 
we  do  not  have  experimental  verification  of  this  point  of  interpre¬ 
tation. 


VI.  DUMBBELL  ROTATIONS  EXPERIMENT 

Dumbbell  domains  of  the^type  discussed  in  Section  I  exhibit  un¬ 
usual  rotational  properties.  Changes  in  the  bias  field,  either 
quasistatic  or  pulsed,  cause  the  domains  to  rotate  about  an  axis 
which  lies  normal  to  the  plane  of  the  film  and  runs  through  the  cen¬ 
ter  of  the  domain.  In  quasistatic  rotation,  the  direction  of  rota¬ 
tion  for  increasing  fields  is  opposite  that  for  decreasing  fields. 
Furthermore,  both  polarities  of  rotation  are  observed  in  different 
dumbbells,  suggesting  that  the  phenomenon  is  related  to  the  exist¬ 
ence  of  right  or  left-handed  Bloch  lines. 

This  effect  may  also  be  studied  dynamically  by  applying  a  pulse 
of  bias  field  and  observing  the  orientation  of  the  dumbbell  before  and 
after  the  pulse.  Generally,  its  orientation  is  changed  a  certain 
amount.  Reversing  the  polarity  of  the  field  pulse  reverses  the  sense 
of  rotation.  If  the  field  is  pulsed  repetitively,  progressive  pro- 
peller-like  rotation  occurs.  Such  a  steadily  rotating  dumbbell  can 
often  be  seen  to  drift  about  in  a  sample,  for  instance  because  of 
repulsions  by  other  domains,  and  in  this  fashion  one  verifies  that  its 
properties  do  not  depend  on  a  particular  location  in  the  sample  but 
are  truly  characteristic  of  the  domain  itself.  Furthermore  even  after 
the  domain  has  been  allowed  to  run  out,  these  properties  are  recovered 
once  the  bias  field  is  restored  to  its  original  value. 
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Rotation  per  pulse  has  been  measured  for  a  variety  of  dumbbells 
under  a  variety  of  conditions.  Fig.  11  shows  a  typical  curve  for  an 
isolated  dumbbell  in  a  low  damping  garnet  film.  There  are  several 
characteristic  regions  for  the  rotation.  If  the  pulse  amplitude  is 
less  than  the  coercivity,  than  no  rotation  occurs.  For  larger  ampli¬ 
tudes  and  sufficiently  short  pulses,  usually  in  the  range  of  1  to 
10  ysec,  there  is  a  steady  rotation  per  pulse  R  which  is  proportional 
to  pulse  height  Hp  and  pulse  length  T  and  inversely  proportional  to 
initial  dumbbell  length  L  within  experimental  accuracy.  Thus  we  may 
write 

R  =  A  Hp  T/L 

where  the  coefficient  A  is  1900  deg  cm/sec  Oe  for  the  propeller  in 
Fig.  11.  However,  for  even  longer  pulse  lengths,  the  rotation 
starts  decreasing  and  becomes  erratic;  in  many  cases  it  reaches  the 


Fig.  11  (above).  Net  rotation  of 
a  dumbbell  versus  bias  field  pulse 
length  and  amplitude.  Sample  of 
Fig.  7.  Dashed  lines  indicate 
erratic  rotation;  B  indicates 
that  dumbbell  momentarily  turns 
into  a  bubble. 


Fig.  12  (right  above).  Rotation  x 
of  a  dumbbell  similar  to  that  of  g 
Fig.  11  in  same  sample,  with  a  ij 

bias  field  pulse  amplitude  of  6 
Oe,  as  observed  by  high  speed 
photography.  Pulse  length  T  is 
varied  and  rotation  observed  at 
pulse  turn-off  (t=T,  solid  curve) 
and  at  infinity  later  (t=°°,  dashed  curve) 
roughly  with  6  Oe  curve  of  Fig.  11. 


¥ 
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PULSE  LENGTH  IN  jtsec 

The  dashed  curve  agrees 


Fig.  13  (right  below).  Same  experiment  as  Fig.  12;  change  of  dumbbell 
length  at  pulse  turn-off  (*)  and  at  infinity  (+). 
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point  where  there  is  no  net  advance  at  all,  just  random  jumping 
around,  but  in  other  cases  a  small  constant  value  is  finally  achieved. 
For  sufficiently  strong  pulses  and  short  dumbbells,  the  dumbbell  may 
even  momentarily  turn  into  a  bubble,  as  indicated  in  the  figure. 

The  quasistatic  behavior  suggests  that  while  the  pulse  is  on, 
the  dumbbell  shrinks  and  rotates  but  that  once  the  pulse  ends  the 
process  reverses;  apparently  the  forward  and  reverse  rotations  do  not 
cancel.  To  verify  that  this  process  actually  occurs,  we  have  photo¬ 
graphed  the  instantaneous'  orientation  of  the  dumbbell  using  a  10ns 
light  pulse  from  a  jitter-free,  10  watt  dye  laser.  °  The  pulse  was 
synchronized  to  flash  through  the  polarizing  microscope  at  a  given 
time  after  the  onset  of  thg  tjias  field  pulse.  The  light  was  not  fo¬ 
cused  but  spread  over  a  10  y  area  of  the  sample,  giving  sufficient 
intensity  to  expose  high  speed  Polaroid  film  at  600x  magnification. 

The  heat  rise  due  to  the  pulse  can  be  estimated  to  be  a  few  tens  of 
degrees,  but  in  practice  no  deleterious  effects  of  the  light  pulse  on 
the  domain  could  be  observed.  Furthermore,  given  the  low  mobility  of 
the  domain  walls  in  the  dumbbells,  no  detectable  motion  was  likely 
during  the  time  of  the  light  pulse  (lOnsec)  or  even  of  the  heat  pulse 
(1  ysec). 

Figures  12  and  13  show  the  result  of  a  series  of  such  experi¬ 
ments  for  which  the  pulse  length  T  was  varied  and  the  photograph  was 
timed  to  be  taken  at  the  end  of  the  pulse.  In  Fig.  12  the  rotation 
of  the  dumbbell  relative  to  its  starting  position  is  plotted  both 
for  t=T  and  t=°°.  It  is  seen  that  for  small  pulses  there  is  no  back¬ 
wards  rotation  at  all  after  the  pulse  is  turned  off;  in  fact  the 
domain  rotates  forward  a  little  during  this  time.  However,  for  suf¬ 
ficiently  long  pulse  times  the  propeller  rotates  to  an  equilibirium 
orientation,  and  then  when  the  pulse  is  turned  off  it  rotates  most  of 
the  way  back.  Thus,  the  erratic  region  of  the  rotation  per  pulse 
curves  is  revealed  to  be  a  situation  of  large  forward  and  back  ro¬ 
tation. 

In  Fig.  13,  the  lengths  of  the  dumbbell  at  t=0,  t=T,  and  t=°° 
are  shown.  Here  also  an  equilibrium  can  be  seen  for  15  ysec  and 
above.  The  slope  of  the  t=T  points  for  shorter  times  implies  a 
mobility  of  the  ends  of  ^3  cm/sec  Oe,  which  is  comparable  to  the  wall 
mobilities  observed  by  bubble  collapse  in  this  sample. 

VII.  DUMBBELL  ROTATION:  THEORY 

On  the  surface,  it  appears  that  dumbbell  rotation  must  be  re¬ 
lated  to  the  hard-bubble-deflection  effect.  For  we  may  liken  the 
dumbbell  to  a  pair  of  hard  circular  bubbles  with  a  connecting  "bridge". 
When  these  "bubbles"  are  impelled  toward  each  other  by  a  pulsed  field 
Hp,  then  the  bubble-deflection  effect  of  the  previous  Section  would 
appear  as  a  dumbbell  rotation.  Following  this  lead,  we  investigate  a 
model  in  which  a  gyrotropic  reaction  torque  is  attributed  to  the 
Bloch-line  motion  effected  in  the  sides  of  a  dumbbell  when  its  length 
changes. 
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Figo  14.  Two  models  of 
dumbbell  rotation. 


ACCORDION  ACCUMULATION 

Accordion  Model 

Let  us  consider  an  idealized  domain  represented  by  a  rectangle 
of  length  L  and  width  w(«L)  ,  as  shown  in  Fig.  14.  Assuming  n  BLfs 
in  the  uniform- twist  approximation,  their  structure  is  given  by 

ijj  =  7ms/2L  ,  (7.1) 

where  s  is  the  path  distance  from  the  midpoint  of  one  side  of  the 
domain  to  the  point  P  in  question.  When  the  application  of  Hp  changes 
L,  the  Bloch  lines  squeeze  together  in  "accordion"  fashion.  According 
to  Eq.  (3.4),  the  consequent  precession  $  produces  a  gyrotropic  re¬ 
action  pressure  on  the  wall.  As  we  show  below  this  integrates  over 
the  wall  surface  to  give  a  net  torque  on  the  domain.  The  balance  of 
this  torque  against  viscous  dissipation  and  coercivity  determines  the 
rotation  rate. 

Let  us  estimate  the  time-derivative  of  the  angle  n  of  dumbbell 
orientation.  By  symmetry,  the  total  torque  -3W/3n  will  vanish,  even 
in  the  presence  of  Hp.  Therefore,  the  total  dynamic  reaction  torque 
must  also  vanish.  From  Eq.  (4.4)  the  condition  is 
L/2 

0=/  ds  [  (q-aA$)  ( dip/ 9ri)-(^+aA  q+yH  sgn  q)(3q/3n)l  >  (7.2) 

-L/2 

where  we  have  neglected  the  contribution  of  the  short  sides  to  the 
contour  integral,  and  included  only  one  long  side  by  symmetry.  On 
the  side  of  the  domain,  in  the  limit  w=0,  we  have 

3q/3r)=-s,  3ip/3ri=0,  q=-sf)  .  (7.3) 

Assuming  quasi-static  motion  of  the  Bloch  lines  we  have,  with  the 
help  of  Eq.  (7.1), 

ip  =  — irnsL/2L^  •  (7.4) 

Then  condition  (7.2)  reduces  to 

0=fL^2sds[(7rnsL/2L2)+aA  1sf|+yH  (sgn  s)  (sgn  f|)]  .  (7.5) 

-L/2  C 

This  integrates  out  to 

n=-(irnA/2aL2)(L+C  sgnf,) ,  |£|  >  C;  n=0,  |l|  <  C,  (7.6) 

where  C=6LyH  /h-nl  is  a  threshold  rate  of  domain  collapse  which  must 
be  exceeded  £or  any  rotation  to  take  place.  Note  that  f|  changes  sign 
with  n,  which  is  consistent  with  our  observation  of  two  rotation  di¬ 
rections  for  different  domains  in  the  same  pulse  field. 
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This  accordion  model  explains  qualitatively  the  results  of 
Figs.  11-13  thus:  If  the  pulsed  field  amplitude  is  sufficient,  then 
|tj>C  and  forward  rotation  proceeds.  If  the  pulse  time  is  also  short, 
the  accumulated  change  in  L  at  the  end  of  the  pulse  is  small  and  con¬ 
sequently  the  restoring  force  on  L,  after  the  pulse  is  off,  is  also 
small.  Therefore,  the  subsequent  spontaneous  value  of  L,  tending  to 
restore  L  to  its  initial  value,  may  be  less  than  C,  and  no  further 
rotation  occurs.  This  appears  to  be  the  case  in  Fig.  12  and  13  for 
pulse  lengths  less  than  lOysec,  since  no  reverse  rotation  is  seen. 
However,  if  the  pulse  is  long  enough,  then  the  restoring  force  on  L 
(supplied  by  the  mutual  repulsion  of  BL’s  as  discussed  in  Sec.  II)  is 
large.  In  this  case  L>C  after  the  pulse  is  turned  off  and  reverse 
rotation  will  occur,  though  never  completely  cancel  the  forward  ro¬ 
tation.  This  appears  to  be  the  case  in  Fig.  12  and  13  for  pulse- 
lengths  greater  than  lOysec. 


The  theoretical  coefficient 

dq/dL  =  -7rnA/2aL^  (7.7) 

for  negligible  coercivity  may  be  estimated.  From  our  static  dumbbell 
analysis  n|^60.  Using  a=0.02,  L=15.8ym,  and  A=0.056ym,  Eq.  (7.7) 
predicts  dn/dL |=60°/ym,  which  is  greater  than  the  value  (23/1.4)= 
16°/ym  estimated  from  the  initial  parts  of  Figs.  12  and  13.  The 
strength  of  the  accordion  mechanism  is  more  than  adequate  to  explain 
the  rotation  effect. 


Accumulation  model 

The  rotation  due  to  the  accordion  mechanism  would  be  diminished, 
and  perhaps  in  better  accord  with  experiments,  if  the  BL’s  in  the 
sides  tended  to  lag  dynamically  with  respect  to  the  quasistatic  dis¬ 
tribution.  Let  us  assume  that  the  extreme  condition  $=0,  instead 
of  Eq.  (7.4),  holds  on  the  sides  of  the  dumbbell,  so  that  the  accor¬ 
dion  mechanism  vanishes  altogether.  Since  n  is  conserved,  BLfs  must 
accumulate  at  the  ends  or  near  the  corners  of  the  domain  when  the 
sides  contract  as  illustrated  in  Fig.  14.  The  previously  neglected 
end-effects  must  now  be  considered. 

One  finds  easily  from  Eq.  (4.4)  that  the  first  term  in  Eq.  (7.5) 
is  replaced  by  the  integral 

1=  -Jq(3ij//3n)ds  (7.8) 

between  the  limits  L/2  and  (L/2)+w,  where  q  and  dip/ dr)  are  evaluated 
along  a  short  side.  From  the  relations 

q=L/2,  dip/dr)=-(L/2)  3^/8s=-Trn/4  (7.9) 

we  find 

I  =  towL/8.  (7.10) 

Substituting  this  expression  for  the  first  integral  in  Eq.  (7.5),  we 
find  the  coefficient  in  formula  (7.6)  reduced  by  the  factor  3w/L: 

no  =  -(3irnwA/2aL^)(Lo+tfsgnri),|£|>c';  n=0,  |lJ<c',  (7.11) 
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where  the  subscripts  o  signify  that  the  relation  is  valid  only  for 
t=0.  Our  estimate  of  the  effect  based  on  the  accordion  model  is 
now  reduced  to  |  dn/dL|  =60x3w/Lo=60x3x2/15.8=23°/ym.  Since  this  falls 
within  a  factor  of  2  of  the  experiment,  the  accumulation  model-  is 
favored. 

At  first  sight  it  would  appear  that  the  dumbbell  rotation  must  be 
some  sort  of  reaction  to  circulation  of  BLfs  about  the  domain.  How¬ 
ever  the  circulation  contributes  no  torque  to  the  domain.  According 
to  each  of  the  models  analyzed  above,  the  circulation  enters  only  in¬ 
directly  by  influencing  the  collapse  mobility,  as  in  the  case  of 
circular  bubbles  discussed  in  Sec.  III.  Given  a  certain  collapse  rate 
L,  then  the  rotation  is  driven  either  by  the  gyrotropic  reaction  to 
iJj  on  the  sides  (accordion  model)  or  the  gyrotropic  reaction  to  q  on 
the  ends  (accumulation  model)  of  the  domain,  without  regard  to  the 
circulation. 
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LONG-TERM  PROPAGATION  STUDIES  IN 
MAGNETIC-BUBBLE  DEVICES 

by 

P.  ¥.  Shumate,  P.  C.  Michaelis  and  R.  J.  Peirce 
Bell  Laboratories,  Murray  Hill,  N.  J.  0797^ 

ABSTRACT 

Extensive  testing  of  magnetic-bubble  circuits  has  been 
done  where  bubbles  are  propagated  at  frequencies  up  to  127 
kHz  and  the  long-term  retention  of  data  examined.  From 
tests  performed  on  small  circuits  in  a  microscope  environ¬ 
ment,  mean- time- to- failure  (MTTF)  data  have  been  taken. 

The  effects  on  MTTF  of  garnet  material  parameters,  ambient 
temperature,  circuit  design,  ion- implantation  dosage,  cir¬ 
cuit  defects  and  operating  frequency  have  been  examined. 

A  high-mobility  material  operated  on  a  circuit  modified 
as  a  result  of  these  tests  displayed  near- infinite  MTTF 
over  a  temperature  range  of  at  least  28°C-80°C.  Tests 
were  also  performed  on  large  circuits  in  a  memory-module 
environment.  The  results  of  long-term  (~10-*-5  bubble  steps) 
error-free  operations  show  that  very  large  MTTF’s  are 
realizable  in  actual  devices.  A  method  for  estimating 
reliability  from  these  data  is  described  and  possible 
failure  mechanisms  for  propagated  bubbles  are  discussed 
in  view  of  the  new  data. 


INTRODUCTION 

Recent  investigations  have  shown  that  the  propagation  of  magnetic 
bubble  domains  on  a  permalloy  circuit  in  a  rotating  magnetic  field 
does  not  necessarily  take  place  with  100^  reliability. During 
propagation,  permanent  modifications  of  the  bubble  data  pattern 
occasionally  take  place  through  loss  (collapse)  of  a  bubble,  self¬ 
replication  of  a  bubble,  or  a  one-  or  two-period  displacement  of  a 
bubble  relative  to  the  rotating  field.  A  behavior  was  observed 
which  suggested  that  for  any  given  number  of  steps  N  a  probability 
P(N)  <  1  exists  that  a  successful  propagation  will  occur.  This  pro¬ 
bability  is  a  complicated  function  of  the  combination  of  bubble  mat¬ 
erial,  the  circuit  design  and  the  test  parameters  as  well  as  of  N. 
More  extensive  t  esting  of  this  behavior  has  now  been  done  and  the 
results  will  be  described  here. 

The  data  given  in  TEST  CIRGUIT  RESULTS  were  obtained  from  fail¬ 
ure  measurements  made  in  a  microscope'  environment  on  reentrant  test 
circuits  of  <  55  steps.  The  measurement  technique  and  the  tests 
made  to  examine  its  limitations  are  described  in  Ref .  1„  Other  data 
reported  in  MODULE  RESULTS  were  obtained  from  20  kb- capacity  bubble 
circuits  in  a  memory-module  environment .2* 3  These  module  tests 
display  a  failure  behavior  similar  to  that  observed  in  the  small  test 
circuits.  However,  because  many  functions  other  than  propagation 


Reprinted  with  permission  from  Proceedings  of  the  AIP  19th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials ,  1 973,  pp.  1 40-1 51 . 
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(e.g.,  generation,  transfer  and  detection)  are  tested  in  the  module, 
the  numerical  failure  data  are  expected  to  he  different  from  those 
of  the  microscope  tests.  The  numerical  data  do  indicate  that  the 
low-failure-rate  predictions  one  can  make  for  the  large  circuits 
based  on  the  small-test -circuit  results  are  realistic.  How  one  can 
make  these  predictions  is  described  in  the  DISCUSSION. 

TEST-CIRCUIT  RESULTS 

The  lines  in  Fig.  1  show 
failure  data  obtained  using 

Y2.6Sm0.4  Fe3.8Ga1.2°12  garnet1* 

(hereafter  material  A)  in  conjunc¬ 
tion  with  a  29-lim-period  test  cir¬ 
cuit.  Parameters  for  material  A 
are  listed  in  Table  I;  the  garnet 
was  ion  implanted  with  2xl0l6  H+/cm2 
at  25  keV  to  suppress  hard  bubbles. 5 
The  circuit  is  a  small-scale  version 
of  a  design  used  for  the  20-kb  mem¬ 
ory  circuits  and  is  shown  in  Fig.  2a. 
The  testing  parameters  used  here, 
and  in  all  other  tests  unless  other¬ 
wise  specified,  were:  circuit-to- 
garnet  spacing  =  1.6  pm,  drive 
field  =  25  Oe  at  100  kHz,  and  oper¬ 
ating  temperature  =  25°C.  In  prin¬ 
ciple,  the  lines  in  Fig.  1  represent 
50^  failure  loci;  that  is,  if  the 
circuit  were  operated  for  a  number 
of  steps  N  at  a  bias  field  H  and  the 
point  (N,H)  fell  on  the  line,  the 
probability  of  failure  would  be 
50$.  (The  accuracy  of  this  defini¬ 
tion  of  the  line  is  limited  by  ex¬ 
perimental  error.)  If  the  point 
(N,>H)  falls  inside  (outside)  the 
region  bounded  by  the  lines,  the 
probability  of  failure  is  lower 
(higher).  Therefore  the  lines 
approximate  mean-time -to-failure 
(MTTF)  for  operation  at  any  value  of  bias  field.  (More  precisely, 
the  50^-failure  loci  represent  the  median  times  to  failure  MEDTTF,  a 
parameter  less  commonly  used  than  MTTF.  MTTF  differs  from  MEDTTF  by 
ln2  if  the  failure  mechanism  is  random — see  DISCUSSION.) 

Experience  has  shown  that  the  appearance  of  the  material-A  data 
in  Fig.  1  is  typical  for  many  materials  and  circuits.  Specifically,, 
the  decrease  in  bias  margin  with  increasing  number  of  steps  N  is  gen¬ 
erally  observed  to  be  logarithmic,  at  least  to  lO^-  steps.  The  best 
MTTF  characteristic  clearly  is  one  where  the  bias  margin  shows  no 
change  with  N  and  the  margin  itself  is  as  wide  as  possible. 

For  comparing  data  such  as  these  when  experimental  conditions 


Fig.  1-Bias -field  margins 
plotted  vs.  logarithm  of 
number  of  steps  propagated 
for  material  A  operated  on 
the  circuit  of  Fig.  2a. 

Fig.  2- (a)  11-step  circuit 
described  in  text,  (b)  The 
circuit  in  (a)  modified  to 
smooth  turns.  A  23-step 
version  of  this  circuit  was 
also  used. 
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are  changed,  it  is  convenient  to  introduce  two  parameters  labeled  Hg 
and  A0.  The  field  Hg  in  Oe  is"  the  width  of  the  margin  as  recorded 
for  lO^  steps  of  propagation.  The  number  Aq  is  the  common  logarithm 
of  the  extrapolated  value  of  N  where  the  bias  margin  vanishes.  There¬ 
fore  the  best  MTTF  characteristic  now  can  be  described  as  having  Hg 
as  large  as  possible  and  A q  =  00.  For  the  data  in  Fig.  1,  these 
values  are  l4  Oe  and  50,  respectively. 
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Figure  3  shows  the  temperature' 
dependence  of  MTTF  data  for  a  differ¬ 
ent  sample  of  material  A.  It  is  seen 
that  the  margin  shifts  to  lower  values 
of  bias  field  at  higher  temperatures 
(reflecting  mostly  a  decreasing  value 
of  the  saturation  magnetization)  and 
Hg  and  Aq  decrease  slightly.  For 
these  tests  and  those  described  later, 
the  sample  temperature  was  controlled 
to  ±0.5°C  by  placing  the  bubble  mate- 


Fig.  3-MTTF  data  for  material  rial  in  thermal  contact  with  a  separate 


A  operated  on  the  circuit  gadolinium- gallium- garnet  substrate  on 


of  Fig.  2a  as  a  function  of  which  a  thin -film  SnC>2  heater  had  been 
temperature.  chemically  deposited. 6 


The  bubble -material  parameters  influence  the  MTTF.  For  example, 
Fig.  4  shows  MTTF  data  as  a  function  of  temperature  for  e gLu^  qEuq .  1 
CaFe^GeO-^  garnet?  (hereafter  material  B) .  The  properties  of  this 
high-mobility  material  are  listed  in  Table  I.  It  is  seen  from  data 
taken  out  to  10&  steps  that  Aq  is  infinite  and  Hg  is  large  (~15  Oe) 
over  the  temperature  range  28VC-80°C. 


LOG  (NUMBER  OF  STEPS) 

Fig.  4 -MTTF  data  for  material 
B  operated  on  the  circuit  of 
Fig.  2a  as  a  function  of 
temperature . 


LOG  (NUMBER  OF  STEPS) 

Fig.  5-MTTF  data  for  material 
C  operated  on  the  circuit  of 
Fig.  2a  as  a  function  of 
temperature 


Figure  5  shows  these  data  for  a  material  similar  to  B  but  with 
a  larger  moment  and  smaller  anisotropy  field  and  coercivity.  This 
material  is  Y^^SniQ^OaFe^GeO^  garnet8  (hereafter  material  C)  and 
its  properties  are  also  listed  in  Table  I.  Here  the  25 °C  margin  is 
wide  and  Aq  is  infinite  but,  at  higher  temperatures,  the  MTTF  is 
short  and  is  unsuitable  for  use  in  bubble  devices. 
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Fig.  6-MTTF  data  for  material 
A  operated  on  the  circuit 
inset  in  this  figure  for 
three  different  circuit 
periods. 

Fig.  7 -MTTF  data  for  material 
D  (orthoferrite)  operated  on 
a  circuit  like  Fig.  6  as  a 
function  of  temperature. 

The  period  t  of  the  permalloy  can  he  optimized  relative  to  the 
bubble  diameter  d  to  increase  the  MTTF.  Figure  6  shows  data  for 
material  A  operated  with  three  different  circuit  periods.  T-Bar 
elements  were  arranged  in  a  circular  loop,  a  segment  of  which  is 
shown  in  Fig.  6.  It  is  evident  that  a  period  t  of  29  Min  ft tunes  in” 
the  best  MTTF  characteristic  (Hg  =  21  Oe,  Aq  =  oo).  The  relevant 
parameters  with  which  the  29  |nn  period  can  be  compared  are  material 
length  SL  =  0.60  pm  and  epitaxial  garnet  thickness  h  =  6  pm. 

A  crystal  of  Smo.55Tbo.45F^03  (hereafter  material  D),  for  which 
the  properties  are  listed  in  Table  I,  was  tested  similarly  but  on  a 
larger  version  of  the  circuit  in  Fig.  6  (t  =  178  pm) .  As  seen  in 
Fig.  7>  at  25 °C  this  orthoferrite  displayed  a  failure  characteristic 
similar  to  those  seen  for  the  garnets.  As  the  temperature  was  first 
raised,  the  characteristic  became  better  asHg  opened  to  9*2  Oe  and 
A0  became  infinite  by  36°C.  At  higher  temperatures  Aq  remained 
infinite  although  Hg  became  smaller.  In  fact  H6  became  smaller 
about  twice  as  rapdily  as  a  function  of  temperature  as  did,  say,  the 
lower  side  of  the  bias  margin.  This  means  that  both  the  absolute  and 
the  relative  margins  became  worse  at  temperatures  higher  than  about 
36°C. 


Fig.  8 -MTTF  data  for  material 
A  operated  on  the  circuit 
of  Fig.  6  as  a  function  H+ 
ion  implantation  dosage. 


MTTF  is  sensitive  to  ion  implan¬ 
tation  dosage.  Figure  8  shows  data 
for  material  A  implanted  with  0.5 X, 
lx,  and  2x  the  "normal"  dosage  of 
2xl0l6  E^/cm2  at  25  keV.  The  test 
circuit  again  is  that  shown  in  Fig.  6 
with  a  period  of  29  \m.  One  sees  that 
the  normal  dosage  gives  the  best  MTTF 
characteristic  (Hg  =  22  Oe  and  Aq  =  oo). 
Figure  9  shows  similar  data  for  the 
same  material  but  where  Ne+  implanta¬ 
tion  was  used  instead  of  H+  implanta¬ 
tion.  Here  the  optimum  dosage,  now  at 
150  keV,  is  2xl0l^+  Ne+/cm^,  giving 
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A  operated  on  the  circuit 
of  Fig.  6  as  a  function  of  Ne+ 
ion  implantation  dosage. 
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Fig.  10-MTTF  data  for  mate¬ 
rial  A  operated  on  the  cir¬ 
cuit  of  Fig.  2b  as.  a  function 
of  temperature. 


Hg  =  21  Oe  and  Aq  =  oo  for  this  sample. 

The  MTTF  testing  procedure  is  also  useful  for  evaluating  circuit 
design  modifications.  First  it  was  noticed  that  Aq  was  increased  by 
using  more  circuit  elements  (periods)  for  turning  corners.  For 
example,  a  smooth  circle  of  T-Bars,  as  in  Fig.  6,  shows  AQ  =  oo 
reliably  at  25  Oe  drive  and  1.5|ini  spacing.  With  the  idea  in  mind 
of  smoothing  out  sudden  direction  changes  in  l8o°  turns  in  the  loop 
shown  in  Fig.  2a,  the.  circuit  of  Fig.  2b  was  developed  by  J.  L.  Smith 
and  P.  I.  Bonyhard.  The  idea  was  to  alter  the  pole  strength  at  such 
points  in  the  turn  as  to  smooth  out  the  average  field  gradient  in 
which  the  bubble  moves.  Indeed,  slow-speed  observations  of  bubbles 
propagating  in  the  circuit  of  Fig.  2b  show  that  the  bubble  moves  very 
smoothly  through  the  turns.  For  material  A  tested  with  25  Oe  drive  at 
100  kHz  and  a  spacing  of  1.5  pm,  the  circuit  of  Fig.  2b  shows 
Hg  =  21  Oe  and  Aq  =  oo.  Figure  10  shows  the  temperature  dependence 
for  this  circuit  driven  at  25  Oe  and  using  material  A. 

Even  these  optimistic  results  can  be  misleading,  however.  In 
the  circuits  shown  in  Fig.  2  the  conductor  metallization  for  the 
transfer  gate  (l.h.  side  of  photomicrographs)  was  omitted.  Only  the 
permalloy  part  of  the  circuit  was  tested.  When  the  Al-Cu  conductor 
was  placed  between  the  modified  circuit  and  the  garnet,  the  MTTF 
decreased  (Hg  =  20  Oe  and  7q  =  80)  but  was  restored  again  (Hg  =  20.5 
Oe  and  >o  =  oo)  when  the  drive  field  was  increased  to  30  Oe. 

Certain  types  of  fabrication  problems  in  the  permalloy  circuit 
show  up  readily  in  MTTF  tests.  Figure  11  shows  the  characteristic 
for  each  of  two  loops  similar  to  that  shown  in  Fig.  2a.  They  were 
adjacent  loops,  manufactured  simultaneously  from  the  same  metalliza¬ 
tion.  The  good  loop  shows  the  characteristic  typical  of  those 
obtained  using  material  A  with  this  circuit  (Hg  =  17  Oe,  Aq  =  68). 

The  other  loop  failed  at  an  element  where  there  was  found  a  small 
spurious  piece  of  permalloy  (see  inset  in  Fig.  ll).  Observations 
made  at  1  Hz  verified  the  fact  that  failures  took  place  at  this 
defect  site.  For  the  defective  loop,  Hg  is  only  4  Oe  and  A0  is  10. 

It  should  be  pointed  out  that  other  types  of  defects  may  show  up  as 
a  loss  at  either  side  of  the  margin  or  in  a  diminished  Hg  with  an 
infinite  or  near-infinite  Aq. 
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Fig,  11 -MTTF  data  for  material 


A  operated  on  a  defective  circuit, 
of  the  type  shown  in  Fig.  2a.  An 
SEM  photomicrograph  (lOOOx)  of 
the  defect  is  inset  in  the  figure. 

MTTF  can  be  dependent  upon 
the  frequency  of  propagation.  The 
characteristic  for  material  A 
operated  on  a  circuit  like  that  in 
Fig.  2a  is  improved  as  the  fre¬ 
quency  is  lowered  from  100  kHz,  as 
seen  in  Fig.  12.  When  material  C 
is  similarly  tested  at  25°C,  where 
already  Aq  =  oo  at  100  kHz,  no 
change  in  the  characteristic  is  . 
seen.  At  47° C,  however,  where 
Hg  =  4.5  Oe  and  Aq  =  10,  signifi¬ 
cant  improvement  is  seen  at  lower 
frequencies.  These  data  are  shown 
and  Aq  are  increased  to  8.5  Oe  and 
A o  are  further  increased  to  9*5  Oe 


Fig.  12 -MTTF  data  for  material 
A  operated  on  the  circuit  of 
Fig.  2a  as  a  function  of 
frequency. 


Fig.  13-MTTF  data  for  material 
C  operated  at  47 °C  on  the 
circuit  of  Fig.  2a  as  a 
function  of  frequency. 

in  Fig.  13  where,  at  10  kHz,  Hg 
24,  respectively,  at  1  kHz  Hg  and 
and  44,  respectively. 


MODULE  RESULTS 


The  20 -kb -capacity  circuits  were  tested  with  material  A  as 
follows.  Two  chips  were  mounted  in  adjacent  positions  on  the  same 
substrate  with  their  detectors  connected  as  adjacent  arms  of  the 
same  bridge  circuit.  The  other  two  arms  of  the  bridge  were  indepen¬ 
dent  current  sources.  All  observations  of  circuit  failure,  either 
hard  (bubble  information  loss)  or  soft  (read  error),  were  made  by 
electronic  means  using  a  specially  designed  bubble-memory  exerciser. 
This  exerciser  operated  the  module  in  a  read  or  a  write  mode,  kept 
track  of  the  bubble  detector  outputs  and  compared  them  with  the 
original  input  patterns.  Bubble  circuit  failure  was  defined  as  any 
error;  i.e.,  read  error,  bubble  collapse  (or  loss),  or  bubble  strip- 
out.  Read  errors  occurred  when  unexpanded  or  partially  expanded 
bubbles  passed  through  the  chevron  detector. 9  Therefore  this  condi¬ 
tion  was  taken  to  be  the  upper  margin  limit  although  two  or  more  Oe 
of  additional  margin  existed  before  the  stored  information  actually 
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■was  destroyed.  g 

The  bias -margin  limits  were  determined  by  short-term  (2x10 
propagation  steps)  tests  which  included  bubble  generation,  transfer 
in  and  out  of  storage  loops,  replication  and  annihilation.  The 
drive  field  was  29  Oe  at  127  kHz  and  all  of  the  control  functions 
(i.e.,  transfer,  generate,  etc.)  were  optimized  at  the  normal  opera¬ 
ting  temperature  of  36° C.  No  further  adjustments  were  made  during 
the  tests  reported  here.  By  using  this  type  of  test,  the  margin  vs. 

module -temperature  data  shown  in 
Fig.  14  were  obtained.  The  tem¬ 
perature  was  varied  over  the 
range  -7°C  to  +80°C  by  means  of 
thermoelectric  devices  in  contact 
with  the  module.  The  tempera¬ 
ture  monitored  was  that  of  the 
substrate  supporting  the  chips; 
the  thermocouple  was  not  in 
direct  contact  with  either  of 
the  garnet  chips.  The  dashed 
line  in  the  figure  indicates  the 
permanent -magnet  bias  field 
variation  with  temperature.  The 
bias -field  margins  were  probed 
by  an  externally  applied  field 
which  was  used  to  aid  or  oppose  the  field  from  the  permanent  magnet. 

All  of  the  data  for  long-term  propagation  tests  were  obtained 
using  a  127  kHz,  29  Oe  drive  field  and  the  normal  operating  tempera¬ 
ture  of  36°C.  Three  long-term  read-cycle  tests  were  performed,  each 
lasting  186+  hours  which  is  the  equivalent  of  9X10^0  field  cycles. 

The  first  test  was  of  a  fully  populated  chip,  ~2xLo4  bubbles,  with 
the  bias  field  set  3*0  Oe  above  the  lower  bias  margin.  This  test 
resulted  in  10^  bubble  output  detections  without  an  error  for  a 
total  of  1. 8x10^5  bit-steps.  This  test  was  repeated  with  an  informa¬ 
tion  pattern  consisting  of  50$  fully  populated  storage  loops  and  50$ 
empty  loops.  The  bias  field  here  was  1.5  0e  above  the  lower  bias 
margin.  No  errors  were  observed  during  the  test.  The  third  test 
consisted  of  a  50$  populated  chip  also;  however,  this  time  the  bias 
was  set  1.5  0e  above  the  lower  bias  margin  and  a  slowly  varying 
(0.01  Hz)  external  bias  field  of  ±1  Oe  with  triangular  waveshape  was 
applied.  The  purpose  of  this  test  was  to  determine  if  circuit  per¬ 
formance  could  be  degraded  by  a  nonstatic  bias  field.  No  errors  were 
observed  during  this  test  period  either. 

The  lower  half  of  the  bias  margin  was  chosen  as  the  module  test 
region  because,  by  operating  close  to  the  lower  margin  limit,  the 
largest  operating  temperature  range  is  obtainable. 

With  the  permanent -magnet  bias  field  set  as  shown  in  Fig.  l4, 
the  temperature  was  lowered  from  +75 °C  to  -7°C  in  approximately  40 
minutes  during  a  continuous  read-cycle  test  without  error. 

DISCUSSION 

The  MTTF  measurements  have  supplied  a  new  criterion  for  evalua- 


Fig.  14-Full  read-cycle/write- 
cycle  margins  for  a  20 -kb  chip 
manufactured  using  material  A 
operating  in  a  memory  module. 


ting  materials  and  circuit  designs.  The  measurements  frequently 
differentiate  among  several  available  choices.  In  addition,  the  MTTF 
plots  can  be  used  to  obtain  estimates  of  error  rates  at  any  operating 
point . 

For  making  error-rate  estimates,  it  will  be  assumed  that  the 
ordinary  statistical  model10  for  a  random  failure  mechanism  can  be 
applied.  Indeed,  detailed  examination  of  the  experimental  data 
(P(N,H)  as  a  function  of  N  and  behavior  of  the  standard  deviations) 
indicates  that  the  failure  mechanism  is  random.  Therefore  it  is 
assumed  that  the  failure  or  hazard  rate  h(H,co)  at  the  bias  field  H 
and  propagation  frequency  cn  is  constant  and  estimable  from  the  data 
as 


h(H,oc>) 


In  2 


oo 


N  (H)  2it 
o '  ' 


(1) 


MTTF 

That  is,  on  the  average  the  first  failure  occurs  in  propagating  N0/ln2 
steps  (in  a  time  2rtN0/ooln2 ) }  N0(H)  is  the  number  of  steps  correspond¬ 
ing  to  50 °jo  failure  at  H  from  the  lines  drawn  through  the  experimental 
data  points.  The  factor  ln2  takes  account  of  the  fact  that  the  N0(H) 
data,  in  principle,  measure  median  time  to  failure  rather  than  mean 
time  to  failure. 

If  a  case  such  as  that  shown  in  Fig.  1  is  considered,  where  the 
lower  side  of  the  margin  is  constant,  then  empirically  for  the  top 

N  (H)  =  XO^rH)/*] 
o 


(2) 


Here  Hq  is  the  y- intercept  (N=l)  of  the  collapse  side  of  the  margin 
and  m  is  the  absolute  value  of  the  slope  of  this  boundary. 

By  further  use  of  the  model  for  random  failures,  the  probability 
of  failure-free  propagation  in  moving  any  number  of  steps  N  at  a  bias 

P(N,H)  =  exp  =  6Xp[~N  (H)  1  *  (3) 

o 

At  the  field  H  which  corresponds  to  the  intersection  of  the  two  sides 
of  the  nargin  (at  logN  =  \q),  the  failure  rate  is  equally  divided 
between  possibly  two  mechanisms  -  one  for  the  high- field  failures  and 
one  for  the  low- field  failures.  Away  from  this  point,  however,  only 
the  dominant  mechanism  need  be  considered  in  reliability  calculations. 
This  is  apparent  because  of  the  exponential  dependence  of  P(N,H).  A 
factor  of  10  in  the  number  of  steps  attenuates  the  influence  of  one 
mechanism  or  the  other  by  a  factor  of  e10  ~  22,000.  When  the  low- 
field  failures  predominate,  (2)  is  replaced  by 

nq(h)  =  ioKH-Hi)/m]  (4) 

where  Hq  and  m  are  the  intercept  and  slope,  respectively,  of  the 
lower  margin. 

Wow  an  example  of  the  use  of  MTTF  as  stated  in  (l)  will  be  con¬ 
sidered.  Equation  (l)  is  implicitly  related  to  all  test  parameters 
(e.go,  temperature,  circuit  period,  bubble  material,  drive  field  and 
frequency,  as  well  as  the  circuit  through  W0(H))0  Suppose  that  all 
test  parameters  and  the  "character”  of  the  circuit  (design,  period. 
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processing)  were  to  be  kept  the  same  but  that  the  number ^ of . bits  in 
the  circuit  were  to  be  changed.  That  is,  a  failure  prediction  is 
required  for  a  circuit  with  a  capacity  of  BT  bits  (or  total  steps) 
based  on  the  results  obtained  experimentally  for  a  test  circuit  of 
different  bit  capacity  B.  Then  it  is  reasonable  to  scale  h(H,o;)  in 
(l)  and  N  in  (3)  by  the  ratio  BT/B  based  upon  the  assumption  that  the 
failure  probability  for  1  bit  moving  N  steps  is  the  same  as  that  for 
N  bits  moving  1  step.  This  assumption  is  reasonable  since  the 
product  of  the  bits  and  the  steps  per  bit  is  the  total  number  of 
times  the  identical  bubbles  are  exposed  to  the  random  failure  mech¬ 
anism.  If  the  failure  mechanism  is  not  random  then  this  assumption 
as  well  as  those  made' for  writing  (l)  and  (3)  are  no  longer  valid. 

The  capacity  B  of  the  test  circuit  did  not  appear  in  (l)  because  the 
test  circuit  was  considered  to  be  one  unit,  the .entire  unit  failing  as 
the  result  of  failure  of  one  or  more  of  the  B  bits. 

Now  (1)  and  (2)  can  be  used  to  find  a  minimum  acceptable  value 
of  An.  Suppose  that  data  are  taken  for  a  23-step  circuit . and  that 
the  extrapolation  is  to  be  made  for  a  1  Mb -capacity  circuit  whiclr 
must  operate  at  100  kHz  with  an  MTTF  of  100  years  (3-2X 109  s).  Thus 

3.2X109  8  =  (23/106) (Nq/ioV1  •  m2)  (5) 

from  which  N  =  lO1^  This  value  of  N0  requires  that  the  point 
(1019,  H)  must  fall  on  or  within  the  collapse  side  of  the  margin 
for  the  23-step  circuit,  where  H  is  the  bias  field  to  be  used  for  the 
operation  of  the  large  circuit.  Next  suppose  that  it  is  decided  that 
this  bias  should  be  centered  within  the  margins  as  measured  for  10° 
steps*  i.e.,  H  -  Hso  =  0.5Hg  if  Hso  is  the  low- field  side  of  the  mar¬ 
gin  for  10^  steps.  From  congruent  triangles  constructed  on  the  MTTF 
characteristic, 

(XQ  -  logl06)/H6  =  (X0  -  Iogl019)/0.5H6  (6) 

from  which  it  is  found  that  XQ  must  be  greater  than  or  equal  to  32, 
regardless  of  the  value  of  Hg.  For  the  sake  of  reference,  recall 
that  the  mass-memory  circuit  data  in  Fig.  1  had  Xq  =  50. 

Something  will  now  be  said  about  possible  failure  mechanisms. 
Failures  are  not  due  to  some  simple  mechanism  like,  for  example, 
sample  heating  in  the  presence  of  a  rotating  field.  If  such  were  the 
case,  thermal  equilibrium  would  be  reached  in  times  far  shorter  than 
the  tens  of  hours  over  which  the  logarithmic  variation  of  the  mar¬ 
gin  loss  is  observed. 

When  failure  occurs  at  the  high- field  side  of  the  margin,  apparent 
collapse  of  a  bubble  or,  much  less  frequently,  a  one-  or  two-period 
displacement  of  the  bubble  relative  to  the  rotating  field  is  observed. 

A  mobility-related  mechanism  or  a  dynamic- conversion  process  may 
account  for  this.  Failure  at  the  low- field  side  of  the  margin  is 
always  by  bubble  strip  out*  i.e.,  a  bubble  becomes  an  elongated 
domain  spread  over  more  than  one  circuit  period.  A  failure  mechanism 
related  to  bubble- stability  parameters  may  be  the  candidate  here. 

By  comparing  Figs.  3  and  4  it  is  obvious  that  the  higher- 
mobility  garnet  B  performed  better  than  material  A.  This  also  applies 
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to  high-mobility  material  C  (Fig.  5)  below  40°C.  The  difference  is 
apparent  both  in  larger  values  of  Hg  and  in  kp  =  oo .  It  is  tempting 
to  suggest  that  a  failure  mechanism  exists  which  becomes  more  active 
as  the  phase  lag  between  the  bubble  and  the  drive  field  increases, 
at  which  time  the  excess  bias  from  the  drive  gradient  is  more  likely 
to  collapse  the  bubble.  The  frequency  dependences  of  materials  A 
(Fig.  12)  and  C  (Fig.  13)  bear  out  the  excess-bias  point  of  view  to 
the  extent  that  more  bias  range  is  available  at  the  collapse  side  as 
the  frequency  is  lowered.  For  material  A,  however,  the  slope  of  the 
collapse  characteristic  is  unchanged  at  lower  frequencies,  thus 
indicating  a  failure  mechanism  still  persists.  (Note  that  the  system¬ 
atic  shift  in  the  low  side  of  the  Fig.  12  data  could,  indeed,  be  a 
heating  effect  and  proportional  to  frequency. ) 

Dynamic  conversion  may  account  for  the  apparent  collapse  of  bub¬ 
bles  in  some  cases.  This  is  a  process11"^  in  which  a  normal  bubble1  s 
spin  system  is  converted  to  a  less-mobile  configuration  as  it  moves 
rapidly  through  a  field  gradient.  The  converted  bubble  may  move 
erratically,  leaving  the  propagation  circuit  and  appearing  in  the 
tests  reported  here  as  if  it  had  collapsed. 

The  othoferrite  data  (Fig.  7)  imply  that  another  collapse 
mechanism  may  be  present.  For  this  material,  at  25  C,  200  kHz  should 
be  the  limiting  frequency  of  operation,  -^4  so  substantial  phase  lags 
exist  at  100  kHz.  However,  the  bubble  diameter  increases  with  tem¬ 
perature  and,  unless  the  mobility  increases  faster  to  offset  this 
change,  the  failures  should  be  more  evident  at  higher  temperatures. 

This  follows  since  the  limiting  frequency  varies  inversely  with 
bubble  diameter  and  thus  is  less  than  200  kHz  at  temperatures  above 
25°C.  Yet  A0  becomes  infinite  at  higher  temperatures.  As  for  hard 
bubbles  (which  move  at  an  angle  to  the  drive  gradient  1 5) .  or  dynami¬ 
cally  converted  bubbles,  neither  has  ever  been  observed  in  ortho¬ 
ferrites  even  in  the  highest  speed  tests. 

Collapse  failure  mechanisms  must  also  be  consistent  with  the 
observed  facts  that  \q  can  be  made  infinite  by  increasing  the  drive 
field  from  25  Oe  to  30  Oe  in  one  case  or  by  tuning  the  circuit 
period  to  the  material  (Fig.  6)„  Also  ion- implantation  dosage  (Figs. 

8  and  9)  affects  the  collapse  margin  (as  well  as  the  strip  out  margin). 
That  an  optimum  dosage  exists  has  been  recognized,^  and  it  may  be 
that  the  long- duration  experiments  here  are  merely  testing  for  the 
presence  of  occasional  hard  bubbles  in  a  very  sensitive  manner. 

At  temperatures  above  40°C,  the  poor  performance  of  material  C 
relative  to  B  may  possibly  be  related  to  bubble  stability.  Coercivity 
provides  a  stabilizing  force  for  bubble  domains  while  q  (=  anisotropy 
field/magnetization)  is  a  measure  of. the  stiffness  of  a.  bubble.  At 
50 °C  the  coercivity  and  q  of  material  C  are  0.06  Oe  and  3*2, 
respectively.  The  coercivity  is  an  insignificant  value  while  the  q 
is  low  for  most  bubble  materials.  In  contrast,  the  coercivity  and  q 
at  50 °C  for  material  C  are  0.35  0e  and  6.3.  This  coercivity  in  not 
insignificant  and  q  is  a  more  typical  value  for  bubble  materials. 

Thus  material  B  may  be  less  susceptible  to  deformation  in  the  prop¬ 
agate  field  gradients,  hence  no  loss  of  margin  at  the  strip-out  side. 
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None  of  the  above  suggestions  points  to  any  obvious  explanation 
for  the  frequency  dependence  of  the  strip- out  side  of  material  C  in 
the  range  40-50°C.  It  is  necessary  that  further  work  be  done  to 
isolate  and  identify  all  of  the  failure  mechanisms. 

Finally.,  the  memory-module  results  using  material  A  are  seen  to 
be  reasonably  consistent  with  the  tests  made  on  small  circuits.  The 
module  error  rate  does  not  increase  over  a  very  wide  temperature 
range  for  the  moderate  propagation  times  examined.  This  agrees  with 
the  small-circuit  results  for  material  A.  A  change  of  bias  field 
with  temperature  is  required,  of  course,  to  track  the  margins.  This 
is  accomplished  by  proper  choice  of  the  bubble  material  and  design  of 
the  module  bias  magnet .  7*  17 

It  is  concluded  that  MTTF  testing  such  as  has  been  described 
here  is  a  necessary  and  useful  tool  for  designing  and  testing  magnetic 
bubble  devices.  Through  its  application,  materials  have  been  identi¬ 
fied  and  circuits  designed  which  display  near-infinite  MTTF's. 

The  authors  wish  to  acknowledge  the  valuable  contributions  of 
F.  B.  Hagedom,  P.  I.  Bonyhard  and  J.  L.  Smith  regarding  the  testing 
and  circuit  design.  Thanks  also  go  to  D.  E.  Kish  and  ¥.  J.  Richards 
for  constructing  equipment  for  testing  the  memory  module  and  to 
J.  P.  Reekstin  for  supplying  the  SEM  photomicrograph  in  Fig.  11. 


TABLE  I:  Properties  of  the  materials  used  in 
these  experiments  as  measured  at  25  “C. 


Magnetization 

(G) 

Anisotropy 

Field 

(Oe) 

Coercivity 

(Oe) 

.  Material 
Length 
(nm) 

Mobility 

(cm/s/Oe) 

Strip 

Width 

(pm) 

Thickness 

(pm) 

q 

(Anis.  Field ^ 
\  Magn.  / 

A 

170 

15U0 

0.20 

0.60 

250 

5.5 

6.0 

9.1 

B 

140 

1010 

0.65 

0.84 

1400 

7.4 

7.4 

7.2 

C 

165 

700 

0.45 

0.62 

1500 

5.6 

5.8 

4.2 
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CHARACTERIZATION  OF  THE  MAGNETIC  BEHAVIOR  OF  BUBBLE  DOMAINS 

R.  M.  Josephs 

Sperry  Univac,  Blue  Bell,  Pa.  19422 
ABSTRACT 

The  magnetic  behavior  of  bubble  domains  can  be  characterized  by 
the  film  thickness  h,  the  magnetization  Ms,  the  material  length 
the  total  anisotropy  K,  the  coercivity  Hc,  and  the  mobility  ft.  A 
particular  set  of  measurements  to  evaluate  these  parameters  is  de¬ 
scribed.  This  set  includes  the  determination  of:  (1)  h  using  op¬ 
tical  interference;  (2)  Ms  and  l  from  the  field  dependence  of  the 
bubble  diameter  and  also  from  the  zero  field  stripe  width;  (3)  K 
from  the  susceptibility  measured  in  an  optical  magnetometer;  (4)  Hc 
from  the  stripe  domain  response  to  an  ac  field;  and  (5)  ju  by  the 
bubble  collapse  and  step  function  response  methods.  Considerable 
attention  is  devoted  to  experimental  details  and  to  possible  prob¬ 
lems  that  may  arise  in  the  measurements. 

INTRODUCTION 

Since  their  usefulness  was  first  revealed  in  1967,  bubble  do¬ 
mains  1  have  been  the  subject  of  a  steadily  increasing  research 
effort.  This  expanding  interest  in  bubbles  has  resulted  in  a  wide 
variety  of  techniques  for  characterizing  bubble  materials.  The 
intent  of  this  paper  is  not  to  present  a  review  of  all  of  these 
techniques,  but  is  to  offer  a  critical  appraisal  of  a  particular  set 
of  measurements  which  the  author  and  his  coworkers,  W.  D.  Doyle, 

J.  A.  Seitchik,  and  B.  F.  Stein  have  successfully  employed.  The 
parameters  to  be  discussed  here  are  the  thickness  h,  the  magnetiza¬ 
tion  47tMs,  the  material  length  l  ,  the  anisotropy  K,  the  domain 
wall  coercivity  Hc,  and  the  wall  mobility  ju  .  The  motivation  for 
choosing  to  measure  h,  47rMs,  /,  and  K  will  be  made  clear  by  a  brief 
review  of  the  static  behavior  of  bubble  domains.  Before  this  review 
is  presented,  there  are  several  comments  of  a  general  nature.  Al¬ 
though  the  data  reported  here  were  taken  at  room  temperature,  the 
same  measurement  techniques  are  applicable  at  other  temperatures. 

All  the  measurements  were  made  on  films  grown  by  LPE  on  (111)  GGG 
substrates.  In  order  to  avoid  confusion  in  the  determination  of  the 
local  properties  of  a  film,  in  particular  K  and/i,  the  film  on  the 
opposite  side  of  the  substrate  is  removed  by  polishing.  With  the 
exception  of  the  determination  of  h,  all  the  measurements  employ 
magneto-optic  techniques  and  benefit  from  the  use  of  birefringence- 
free  substrates.  For  those  observations  not  requiring  high  resolu¬ 
tion,  a  TV  camera  and  monitor  are  frequently  employed  to  reduce  eye- 
strain. 

STATIC  BEHAVIOR  OF  BUBBLE  DOMAINS 
2  3 

The  static  equilibrium  equation  '  for  a  bubble  of  diameter  d, 


Reprinted  with  permission  from  Proceedings  of  the  A  IP  18th  Annual  Conference 
on  Magnetism  and  Magnetic  Materials ,  1972,  pp.  283-303. 
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in  an  applied  field  H, in  a  material  having  magnetization  Ms,  wall 
energy  <7W,  and  thickness  h  is  satisfactorily  approximated  by 

+  H  =  4  ttMs  /  (  1  +  ££  )  (1) 

Msd  /  \  4h  / 

This  equation  can  be  solved  to  yield  explicit  expressions  for  d  as  a 
function  of  the  various  parameters  and  can  be  rewritten  in  terms  of 
the  material  length  l  as 


l  +  H  =  i  /  (  1  +  3d  )  ;  '-2  (2) 

d  4  7TMs  /  y  4h  J  4  7T  Mg 

In  Fig.  1,  the  left  (curve  a)  and  right  (curve  b)  hand  sides  of  Eq. 
(2)  are  plotted  separately  as  a  function  of  (d/h)  for  (//h)  =  1/3. 
There  are  two  possible  solutions.  The  larger  of  the  two,  (d+/h>, 
is  always  the  stable  value  (in  the  absence  of  any  domain  wall  pin¬ 
ning  sites).  As  the  bias  field  is  increased,  the  two  points  of 
intersection  draw  closer  toward  each  other  and  finally  coalesce 
when  the  field  reaches  a  critical  value  H0.  At  this  point,  the 
bubble  becomes  unstable  and  collapses.  Hg  is  given  by 


Ho  '  3  // \  J  1 1 

4  7tMs  1  +  4  \h/"V3  \h 


(3) 


The  lower  limit  of  the  stability  region,  the  runout  field,  is 
marked  by  a  transition  from  the  bubble  state  to  the  worm  state  as 
the  bias  field  is  decreased.  This  point  of  instability  is  not 
described  by  the  above  equation,  but  is  described  by  the  Thiele 
theory  3.  Because  of  the  difficulty  in  defining  the  point  at  which 
the  bubble  ceases  to  be  circular,  the  runout  field  is  not  well  de¬ 
fined  by  actual  measurements  and  is  not  generally  used  in  the 
material  characterization.  A  general  rule  of  thumb  is  the  width  of 
the  stability  region  is ~M  . 

The  above  discussion  indicates  that  the  static  behavior  is  com¬ 
pletely  specified  by  h,  4n Ms  and  l.  In  principle,  the  anisotropy 
K  can  be  determined  by  a  knowledge  of/,  4  7rMs,  and  the  exchange 
constant  A;  however,  the  accuracy  with  which  such  a  determination 
can  be  made  is  not  satisfactory  since  MS^A“1.  Because  K  can 

vary  with  growth  conditions,  composition,  and  film-substrate  lattice 
mismatch,  it  is  desirable  to  measure  K  more  directly. 


THICKNESS 


The  thickness  h  is  most  easily  measured  using  an  interference 
fringe  technique  with  the  apparatus  illustrated  in  Fig.  2.  Light 
from  the  500W  xenon  arc  passes  through  the  monochromator  (Jarrel 
Ash  82-410)  into  the  side  port  of  the  microscope.  There  it  strikes 
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Fig.  1.  Dependence  on  (d/h)  of 
the  terms  comprising  the  static 
equilibrium  equation. 


a  half  silvered  mirror  and  is 
deflected  downwards  towards  the 
sample.  Interference  is  ob¬ 
served  between  the  light  re¬ 
flected  from  the  film  surface 
and  that  reflected  from  the 
film-substrate  interface.  Be¬ 
cause  the  fringes  tend  to  be 
faint,  the  observations  are  made 
in  a  dark  room  with  the  sample 
resting  on  a  non-reflecting  sur¬ 
face  such  as  black  felt  while 
the  stray  light  from  the  arc  is 
blocked  out.  Starting  at  one 
end  of  the  visible  spectrum,  the 
monochromator  is  adjusted  until 
a  fringe  is  positioned  at  the 
spot  at  which  the  thickness  is 
measured.  The  wavelength  at 
which  this  first  fringe  occurs 
is  noted.  The  wavelength  is 
then  changed  bringing  successive 
fringes  into  view.  The  value  of 
A  of  each  successive  fringe  is 
recorded  and  the  fringes  are 
arbitrarily  assigned  integer 
numbers.  Typical  results  are 
that  for  an  Q/u  film,  17  fringes 
are  observed  in  the  range  6300A- 
5000X.  The  optical  thickness 
(nh),  where  n  is  the  index  of 
refraction,  is  determined  by 
performing  a  least  squares  fit 
of  the  1/A  versus  fringe  number 
data  to  a  straight  line.  For  n, 
the  value  of  2.40  has  been 
used^.  Because  of  variations  of 

n  with  A  ,  this  value  has  an  absolute  uncertainty  of  the  order  of 
3%.  The  error  in  determining  the  optical  thickness  is  ~1%  (for  an 
8/i  film)  so  that  the  total  absolute  uncertainty  is'  ~4%.  However, 
for  comparing  thicknesses  on  the  same  film  or  on  different  films  of 
the  same  composition,  the  relative  error  is  <1%. 

The  overall  thickness  profile  can  be  obtained,  of  course,  by  a 
series  of  local  measurements.  However,  it  is  more  convenient  to 
illuminate  the  sample  with  a  diffuse  source  of  monochromatic  light 
such  as  a  DoAll  Monolight  (8-IN)  which  is  normally  used  for  check¬ 
ing  the  flatness  of  machined  surfaces. 


LOW 

POWER 

MICRO¬ 

SCOPE 


I 


-  MONOCHROMATOR^ 


LENS 


LENS 


[XENON 

ARC 


SAMPLE 


Fig.  2.  Apparatus  for  deter¬ 
mining  film  thickness. 
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MAGNETIZATION  AND  MATERIAL  LENGTH  l 

There  are  several  alternate  procedures  for  evaluating  4  7rMs 
and  l  and  the  relative  merits  of  each  will  be  considered  now.  All 
the  techniques  depend  on  a  knowledge  of  the  thickness  h  and  addi¬ 
tional  care  in  improving  the  accuracy  of  h  will  result  in  increased 
accuracy,  for  4  7rMs  and  £.  The  first  method  uses  the  bubble  size 
dependence  on  the  bias  field  5f  and  yields  the  most  accurate  values 
for  4  7rMs  but  considerably  less  accurate  values  fori.  The  second 
method  determines  £  from  the  zero  field  stripe  width  and  47rMs  from 
the  value  of  the  static  collapse  field  6.  This  technique  gives  the 
best  values  for  £  but  does  not  determine  the  magnetization  as  pre¬ 
cisely  as  the  first  method.  Although  data  are  presented  only  for 
the  above  methods,  it  is  worthwhile  to  mention  a  third  tech¬ 
nique  7,  8  which  determines  i  from  the  zero  field  stripe  width  and 
interprets  static  M-H  loop  data,  taken  with  a  magneto-optic  hyster- 
esigraph,  to  obtain  47rMs.  Although  at  present  this  technique  is 
not  commonly  used,  it  may  become  more  important  as  the  interest  in 
smaller  bubble  sizes  increases.  For  bubbles  whose  diameters  are  in 
the  1/i  range,  it  may  be  the  most  reliable  method  for  determing  Ms. 

The  apparatus  needed  for  making  the  static  bubble  and  stripe 
width  measurements  is  relatively  simple  and  consists  of  a  polar¬ 
izing  microscope,  e.g. ,  Unitron  MPS-2,  with  a  bias  coil  attached  to 
the  stage.  A  small  pulse  coil  (several  turns  on  a  form  1  mm  in 
diameter)  located  adjacent  to  the  sample  is  convenient  for  genera¬ 
ting  bubbles  in  the  area  of  view.  However,  bubbles  may  also  be  ob¬ 
tained  by  demagnetizing  the  sample  with  an  in-plane  field  (of  the 
order  of  the  anisotropy  field).  An  essential  feature  for  accurate 
dimension  measurements  is  a  filar  micrometer  eyepiece  or,  pref¬ 
erably,  an  image  splitting  eyepiece  (Vickers  M011500).  Before  d 
vs.  H  measurements  are  made,  it  is  necessary  to  insure  that  the 
bubble  is  not  pinned  and  is  isolated  from  other  bubbles. 

Eq.  (2)  is  the  basic  equation  for  determining  47rMs  and  l  from 
d  versus  H  measurements.  In  terms  of  these  parameters,  it  can  be 
rewritten  as 


-  4  7rMsi  (4) 

so  that  a  plot  of  (Hd)  as  a  function  of  d(l  +  3d/4h)-1  yields  a 
straight  line  of  slope  47tMs  and  intercept  £. 

Fig.  3  shows  data  taken  on  a  normal  bubble  and  a  hard  bubble  9* 
11  in  the  same  area  of  an  Y2.4Eu.6Fe3.8Gai.2Oi2  film.  The  nor¬ 
mal  bubble  was  obtained  by  setting  the  bias  field  at~.9  H0,  and  by 
applying  a  low  repetition  rate  (~1  KHz)  8  oe,  5 fi  sec  wide  pulse,  in 
a  direction  antiparallel  to  that  of  the  bias  field.  Such  a  tech¬ 
nique  occasionally  produces  an  abnormal  bubble,  which  is  identified 
most  readily  by  its  wider  region  of  stability.  The  hard  bubble 
described  in  the  figure  was  obtained  by  subjecting  an  isolated 


(Hd)  =  4  tt  Mo 


1  +  3(d/h) 
4 
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Fig.  3.  Diameter  versus  bias 
field  in  an  Yp  4EU  AFeq  flGai  2- 
0^2  film  (h  -  7.9 JU) :  (a)  nor¬ 

mal  bubble;  Cb)  hard  bubble. 


normal  bubble  to  several  single 
shot,  large,  wide  pulses  (40  oe, 
10/i  sec),  causing  rapid  expan¬ 
sion  of  the  bubble .9.  Curve  (a) 
in  Fig.  4  illustrates  the  normal 
bubble  data  plotted  in  accord¬ 
ance  with  Eq.  (4).  For  clarity, 
error  flags  are  shown  only  for 
the  extremal  points.  From  the 
slope  and  intercept  of  this 
curve,  determined  by  a  least 
squares  fit  of  the  data  to  Eq. 
(4),  4 7tMs  =  (76  ±4)G  and  £ 

=  (.7  ±.3 )n  respectively. 

One  of  the  problems  associ¬ 
ated  with  hard  bubbles  is  that 
if  the  above  analysis  is  unknow¬ 
ingly  applied  to  their  d  vs.  H 
data,  it  appears  as  if  there  is 
a  variation  in  the  sample  prop¬ 
erties.  This  is  illustrated  by 
curve  (b)  of  Fig.  4  whose  slope 
yields  4  7tMs  =  73G  and  whose 
intercept  /  =  .2 /u.  The  very 
small  apparent  value  for  l  is 
characteristic  of  the  results 
obtained  when  hard  bubble  data 
are  analyzed  in  this  fashion. 

The  apparent  variation  in  the 
value  of  4  7rMs  can  sometimes  be 
as  high  as  20%  10. 

In  actual  practice,  data 
are  measured  on  a  normal  bubble 
for  several  field  cyclings  over 
most  of  the  stable  range  before 
actually  collapsing  the  bubble. 
The  analysis  is  applied  for  each 
set  of  data  and  the  final  re¬ 
sults  represent  the  average  of 
the  resulting  values.  For  a 

given  direction  of  field  cycling,  the  reproducibility  in  the  values 
of  47rMs  is  typically  c~l%  and  the  overall  accuracy  is  ~4%.  However, 
there  is  a  significantly  larger  variation  in  the  values  of  l  because 
of  the  extrapolation  involved  in  determining  the  intercept  of  Eq. 

(4)  and  it  is  felt  that  the  values  of  l  thus  determined  are  gen¬ 
erally  too  imprecise  for  the  present  requirements  of  materials  char¬ 
acterization. 

The  second  technique,  the  measurements  of  the  zero  field  stripe 
periodicity  P0  (defined  as  twice  the  zero  field  stripe  width)  and 
the  static  bubble  collapse  field  H0,  is  the  most  desirable  from  the 


Fig.  4.  (Hd)  versus 
d(l  +  3d/4h)"l  for  the  film  de¬ 
scribed  in  Fig.  3:  (a)  normal 

bubble;  (b)  hard  bubble. 
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Fig.  5.  Variation  of  zero 
field  stripe  periodicity  with 
material  length. 

tf) 


important  standpoints  of  ease 
of  measurement  and  accuracy  of 
the  l  value.  In  order  to  make 
the  measurement,  it  is  neces¬ 
sary  to  achieve  a  uniformly 
straight  domain  pattern  over  a 
considerable  fraction  of  the 
area  under  examination.  This 
may  be  achieved  by  applying  a 
large  amplitude  ac  field 
the  anisotropy  field)  in  the 
plane  of  the  sample  at  various 
orientations  until  the  desired 
pattern  is  obtained,  or  by  mani¬ 
pulating  the  domains  with  a  mag¬ 
netized  wire.  P0  is  then  deter¬ 
mined  as  the  average  of  the 
value  obtained  by  measuring 
across  10  to  20  periods.  Fig. 

5  illustrates  the  variation  12 
of  P0  with  l  ,  both  quantities 
normalized  to  the  sample  thick¬ 
ness  h.  For  the  film  described 
in  Figs.  3  and  4,  P0  =  16.6/i 
and  l  =  (.97  ±.05)^,  which  dif- 
fers  substantially  from  the 
previous  value  of  .7/i  and  illus¬ 
trates  the  inadequacy  of  the 
first  method  for  determining  the 
material  parameter.  Fig.  6 
shows  the  variation  of  the  nor¬ 
malized  collapsed  field  H^/4ttMs 
calculated  from  Eq.  (3)  with 
U,/ h).  The  magnetization  is 
determined  by  using  the  i£/h) 
value  determined  from  Fig.  5  to 
obtain  a  value  of  H0/4  7rMs. 

Combining  the  latter  with  the 
value  of  the  static  collapse 
field  yields  a  value  for  4  7rMs. 

For  the  previously  described 
film,  this  procedure  gives  a 
value  of  4  7tMs  which  is  7% 
higher  than  that  obtained  in 
the  first  method.  This  7%  dif¬ 
ference  is  within  the  limits  of  the  combined  accuracies  of  the  two 
techniques.  In  determining  H0,  it  is  important,  of  course,  that  the 
bubble  is  not  pinned  and  that  it  is  a  normal  bubble.  If  the  value 
of  the  collapse  field  of  the  hard  bubble  described  in  Fig.  3  had 
been  used,  the  apparent  47tMs  would  be  123  G. 


Fig.  6.  Dependence  of  the  static 
bubble  collapse  field  on  the 
material  parameter  l  \  (a)  for 

0<  l/h  <  .4;  (b)  for  0<f/h<l. 
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ANISOTROPY 


The  anisotropy  K  of  most  bubble  materials  consists  of  a  uni¬ 
axial  component  Ku  and  a  smaller  magnetocrystalline  component  K1# 
The  traditional  method  of  determining  Ku  and  Kj.  using  a  torqu£ 
magnetometer  is  not  suited  to  local  measurements  and  generally  can¬ 
not  be  considered  as  a  routine  technique.  Fortunately,  it  is  pos¬ 
sible  to  determine  the  effective  anisotropy  field,  which  depends  on 
K  and  Ms,  with  minimum  effort  using  magneto-optical  techniques1^  . 
The  method  to  be  described  here  is  basically  a  magneto-optic  ver¬ 
sion  of  an  inductive  technique  first  used  on  permalloy  films  14. 

The  technique  involves  applying  a  large  dc  field  H  and  a  small  ac 
field  h  parallel  and  perpendicular,  respectively,  to  the  sample 
plane.  Polarized  light  passing  through  the  sample  is  modulated  by 
the  Faraday  rotation  of  the  sample  and  is  synchronously  detected  at 
the  modulation  frequency.  The  observed  signal  is  proportional  to 
the  transverse  susceptibility  X  of  the  film  and  the  anisotropy 
field  is  determined  from  the  behavior,  of  X  in  the  high  field  region. 
Because  |  Ku|>>|K1|t  the  high  field  signal  is  independent  of  the 
orientation  of  H.  The  method  to  be  described  here  differs  from 
that  of  Shumate  et  al  ^  jn  that  no  bias  field  is  used  to  saturate 
the  sample.  It  also  differs  in  the  manner  by  which  the  value  of 
the  anisotropy  field  is  determined  from  the  data. 

Since  the  susceptibility  of  all  the  films  measured  has  exhi¬ 
bited  no  azimuthal  dependence  at  high  fields,  the  calculation  of* 
can  be  made  for  H  along  a  ’’convenient”  direction  such  as  the  [lid] 
which  lies  in  the  (112)  plane  perpendicular  to  the  sample  surface. 
The  total  anisotropy  energy  density  is  the  sum  of  the  uniaxial 
anisotropy  energy  density  (which  may  have  both  growth  and  stress 
induced  components),  the  crystalline  anisotropy  energy  density  i6, 
and  the  demagnetizing  energy  density. 


ET  “  Kusin2#  +  K-^  sin40+— cos4#j  +  2  7rMg2cos2^ 


(5) 


where  0  is  the  angle  between  the  film  normal  and  Ms,  and  where  Ku > 0 
and  Kj<0.  The  transverse  susceptibility 


X-  lim  [  Mccos#|  (6) 

h-0  dh  \  s  ) 

is  obtained  by  using  the  equilibrium  condition  (dET/d$)  =0  and  is 


X  = 


H  -  Hk” 


(H>Hk") 


(7) 
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where 


hk"  =  (2KUm^  Kl)  -  4^Ms  =  %  "  4?rMs  (8) 

The  notation  Hj^M  is  that  of  Shumate  et  al. 

The  apparatus  for  the  Hk  measurement  is  shown  in  Fig.  7.  The 
sample  is  mounted  in  a  holder  having  several  degrees  of  rotational 
and  translational  freedom  so  that  the  sample  surface  may  be  aligned 
parallel  to  the  field  of  the  electromagnet.  In  addition,  the  sample 
may  be  translated  in  a  plane  normal  to  the  light  beam  to  allow  local 
measurements  to  be  made.  The  modulation  field  is  provided  by  a  coil 
rigidly  clamped  between  the  4M  diameter  pole  pieces  of  the  magnet. 
The  frequency  of  modulation  is  ~100  Hz  and  the  peak  to  peak  ampli¬ 
tude  is  typically  30  oe.  The  use  of  a  spike  filter  (passing  only 
the  6328A  laser  line)  eliminates  the  need  for  taking  data  in  a 
darkened  room  and  is  merely  a  matter  of  convenience. 

Although  the  absolute  magnitude  of  X  has  not  been  verified,  the 
H”1  dependence  of  X  is  always  observed  for  H>~1.5  Hk”.  Represen¬ 
tative  data  are  illustrated  in  Figs.  8  and  9.  X  is  largest  at  low 
fields  where  domain  wall  motion  makes  a  large  contribution  to  the 
observed  signal.  The  disappearance  of  the  domain  structure  as  H 
approaches  %”  produces  an  abrupt  change  in  the  X  curve  and  occurs 
at  the  point  indicated  by  the  arrow  on  curve  (a)  in  Fig.  8.  Sample 
inhomogeneities  prevent  X  from  becoming  infinite  as  Eq.  (7)  sug¬ 
gests.  The  shape  of  the  curve  is  very  sensitive  to  sample  alignment 
with  respect  to  the  in-plane  field.  A  2°  tilt  about  an  axis  approx¬ 
imately  perpendicular  to  the  plane  defined  by  H  and  the  light  beam 
produced  curve  (b)  in  Fig.  8.  In  practice,  the  sample  is  aligned 
with  respect  to  H  by  a  combina¬ 
tion  of  rotation  and  tilting  un¬ 
til  the  field  at  which  the  break 
in  the  X  curve  occurs  is  a  maxi¬ 
mum.  A  convenient  check  that 
the  sample  is  properly  aligned 
is  that  the  domain  state,  which 
results  when  H  is  decreased  from 
a  value  in  excess  of  Hk,  is  one 
consisting  of  densely  packed 
bubbles.  Frequently  there  will 
be  alternating  regions  of  bub¬ 
bles  oppositely  magnetized.  If 
the  substrate  is  of  varying 
quality,  regions  of  stripes  may 
also  appear  in  the  vicinity  of 
the  "bad”  areas.  Curves  (a)  and 
(b)  in  Fig.  9  illustrate  the 

field  dependence  of  X  for  0°  and  Fig.  7.  Apparatus  for  measuring 
180°  phase  settings  of  the  de-  transverse  susceptibility, 

tector.  The  0°  phase  setting 
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is  obtained  by  maximizing  the  zero  field  signal.  Curves  (c)  and  (d) 

represent  the  same  curves  taken  at  twice  the  gain.  The  data  are  al¬ 

ways  taken  starting  from  the  highest  field  values.  Because  is 
obtained  from  the  reciprocal  of  the  X  data  and  because  of  small  dc 
shifts  in  the  apparatus  which  make  it  difficult  to  determine  the 
precise  zero  level,  the  data  are  recorded  at  2  phase  settings  dif¬ 
fering  by  1800.  The  A'  at  a  given  H  is  taken  as  the  difference  be¬ 
tween  the  values  of  the  2  curves.  Curve  (e)  illustrates  the  field 

dependence  of  X~^  determined  in  this  fashion  from  curves  (c) 
and  (d).  Within  the  accuracy  of  the  data,  the  curve  is  linear  from 
~7  Hj/’  to  ~1.3  Hk”.  This  sort  of  linearity  is  not  unique  to  this 
sample,  but  is  representative  of  the  data  taken  on  a  large  number 
of  films  of  different  compositions.  Because  the  determination  of 
Hj£M  depends  upon  the  linearity  of  the  reciprocal  values  of  small 
signals,  it  is  important  to  choose  a  magnet  sweep  speed  that  allows 
the  phase  sensitive  detector  to  respond  in  faithful  fashion.  With¬ 
out  an  independent  knowledge  of  the  values  of  Ku  and  K^,  it  is  not 
possible  to  establish  the  absolute  accuracy  of  the  technique;  how¬ 
ever,  the  uncertainty  in  the  values  of  %"  is  generally  ~7%  and  it 
is  felt  that  the  value  of  determined  in  this  fashion  is  accurate 
to  within  10%. 

COERCIVE  FORCE 

It  would  be  desirable  to  determine  the  coercive  force  directly 
from  some  property  of  the  bubbles  themselves.  One  such  technique, 
involving  the  mutual  repulsion  between  two  isolated  bubbles,  has 


Fig.  8.  X  versus  in-plane 
field  H  for  an  Y]_Gd]_Tm]_Fe4#3- 
Ga#70i2  film  (4  7rMs  =  115  G, 
h  =  7.1  ju):  (a)  with  sample 
properly  aligned;  (b)  sample 
tilted  2°. 


Fig.  9.  X  versus  H  for  the 
properly  aligned  sample  de¬ 
scribed  in  Fig.  8.  HK"  = 
(930  -70)G.  The  curves  are 
described  in  the  text. 
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1/X  (ARB. UNITS) 


Fig.  10.  Apparatus  for  deter¬ 
mining  domain  wall  coercivity. 


Fig.  11.  Wall  displacement 
versus  easy  axis  field  for  a 
Eu  9Er2  iFe4  3Ga#70i2  (S4“*l) 
film  (4  7rMs*=  2i5  G,  h  = 

4.6^/) .  H  =  0.7  oe. 
c 


been  devised  17;  however,  it  is  difficult  to  obtain  an  accurate  and 
reproducible  measurement  because  of  the  small  dimensions  involved. 
For  this  reason,  determinations  of  domain  wall  coercivity  are  most 
conveniently  made  with  the  sample  having  the  stripe  domain  configu¬ 
ration.  The  technique,  which  is  described  here,  determines  an  ef¬ 
fective  coercive  force,  Hc,  from  measurements  of  the  wall  displace¬ 
ment  as  a  function  of  the  amplitude  of  an  ac  bias  field  1<?. 

The  apparatus  is  shown  in  Fig.  10.  With  the  sample  mounted  in 
the  coil,  the  analyzer  is  adjusted  to  be  slightly  "off”  the  null 
position  so  that  the  domain  configuration  appears  as  a  set  of  light 
and  dark  stripes.  This  image  reflects  the  fact  that  the  magnetiza¬ 
tion  is  antiparallel  in  adjacent  domains  causing  the  Faraday  rota¬ 
tion  to  alternate  in  sign.  The  amount  of  light  exiting  from  the 
analyzer  is  then  proportional  to  the  difference  in  the  areas  of  the 
light  and  dark  stripes.  The  magnitude  of  this  difference  depends 
upon  the  amplitude  of  the  applied  10  kHz  field.  Since  the  in-phase 
component  of  the  signal  is  much  larger  than  the  out-of-phase  com¬ 
ponent,  the  detector  phase  setting  is  adjusted  to  give  a  maximum 
signal  at  an  arbitrary  value  of  field  (>HC).  A  method  for  deter¬ 
mining  the  coercive  force  by  comparing  both  the  in  and  out  of  phase 
signals  is  reported  elsewhere  in  this  conference  20.  An  example  of 
the  data  taken  on  a  S4"1  film  is  shown  in  Fig.  11.  The  non¬ 
linearity  at  very  low  field  values  is  a  characteristic  of  the 
measurement  and  the  value  of  Hc  is  arbitrarily  taken  to  be  the 
extrapolated  intercept  of  the  linear  portion  of  the  curve.  The 
value  of  0.7  oe  for  He  is  a  representative  value  for  S4-1  films  of 
reasonable  thickness  21.  The  technique  works  equally  well  on 
films  of  current  interest  such  as  YGdTmFe4#3Ga-70i2  where  the  val¬ 
ues  of  Hc  are  typically  an  order  of  magnitude  smaller. 
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The  principal  objection  to  this  method  is  that  it  is  not  sensi¬ 
tive  to  the  presence  of  isolated  point  defects  22,  23,  24  which 
locally  pin  the  wall.  Since  the  wall  may  bow  out  between  these  pin¬ 
ning  sites  in  response  to  the  applied  field,  it  is  generally  not 
possible  to  distinguish  the  presence  of  such  defects  which  can 
seriously  impede  bubble  propagation.  The  usefulness  of  the  quantity 
Hc  resides  in  its  ability  both  to  represent  qualitatively  the  av¬ 
erage  film  quality  and  also  to  provide  a  method  for  comparing  the 
coercivity  of  samples  having  different  compositions. 

MOBILITY 

Of  all  the  parameters  discussed  thus  far,  the  mobility  /n  is  by 
far  the  most  difficult  to  determine  with  confidence  and  certainly 
the  most  controversial  25#  With  some  of  the  newer  LPE  film  composi¬ 
tions,  the  dependence  of  the  wall  velocity  on  driving  field  is  dis¬ 
tinctly  non-linear  and  cannot  be  specified  by  a  single  number.  Al¬ 
though  in  these  instances,  ju  may  no  longer  be  significant,  the  tech¬ 
niques  originally  developed  to  determine  /i  in  materials  having  linear 
velocity  versus  field  characteristics  may  still  be  used  if  care  is 
exercised  in  interpreting  the  resulting  data.  An  argument  might  be 
made  that  functional  velocity  measurements,  i.e.,  bubble  velocity 
measured  in  a  gradient  field,  are  more  pertinent.  From  a  device 
point  of  view,  this  statement  may  be  correct  (although  the  diffi¬ 
culties  in  accurately  knowing  and  reproducing  field  gradients  from 
one  circuit  to  the  next  remain  formidable).  However,  from  the 
standpoint  of  materials  characterization,  the  data  obtained  from 
the  functional  velocity  measurements  tend  to  represent  a  mixture  of 
fundamental  properties  and  circuit  properties  that  may  not  be 
readily  separated  with  the  desired  accuracy.  The  two  most  commonly  , 
used  methods,  bubble  collapse  2,  26  an(j  step  function  response  18  , 
will  be  described  rather  completely  here.  A  third  and  more  recent 
technique,  which  measures  the  bubble  velocity  in  a  gradient  field 
while  adjusting  the  local  value  of  bias  field  to  keep  the  bubble 
size  constant  27  f  and  which  appears  to  overcome  most  of  the  objec¬ 
tions  previously  raised  concerning  functional  velocity  measurements, 
is  described  elsewhere  in  this  conference  28# 

The  bubble  collapse  technique  can  most  readily  be  explained  by 
referring  to  Fig.  1  where  the  two  possible  solutions  of  the  static 
equilibrium  equation,  Eq.  (2),  are  shown.  Also  shown  is  the  quasi¬ 
static  collapse  diameter  (d0/h).  If  the  bias  field  is  increased  by 
the  application  of  a  field  pulse  so  that  the  total  field  has  a  value 
greater  than  the  static  collapse  field,  the  bubble  will  contract  and 
possibly  collapse  depending  upon  the  length  of  the  field  pulse.  If, 
at  the  time  the  pulse  is  turned  off,  the  bubble  size  is  still  larger 
than  the  unstable  diameter  (d_/h),  the  bubble  size  will  expand  back 
to  its  original  value  (d+/h).  If  the  pulse  is  applied  for  a  period 
of  time  such  that  when  it  is  turned  off,  the  bubble  diameter  is 
less  than  (d_/h),  the  bubble  will  continue  to  collapse.  For  a  given 
pulse  amplitude,  there  is  a  critical  pulse  width  which  results  in 
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the  bubble  just  attaining  the  size  (d_/h)  when  the  pulse  height  is 
reduced  to  zero.  By  measuring  this  critical  pulse  width,  referred 
to  as  the  bubble  collapse  time  r,  as  a  function  of  pulse  amplitude, 
it  is  possible  to  determine  /y  for  materials  in  which  this  is  a 
meaningful  parameter  29.  The  equation  of  motion  describing  the 
bubble  collapse  can  be  solved  exactly.  However,  it  turns  out  that 
the  reciprocal  of  the  collapse  time  is  related  to  the  amplitude  of 
the  pulse  field  in  almost  linear  fashion,  except  in  the  region  of 
small  pulse  amplitude,  and  may  be  approximated  by 

/4_7rMs\  +  2Hbias  /o) 

\  h  /a  (d+  -  dj 


The  parameter  a  is  given  by  Eq.  (A. 8)  of  Ref.  2  and  (d+  -  d_)  may 
be  obtained  from  Eq.  (1). 

For  materials  in  which  the  wall  velocity  is  non-linearly  re¬ 
lated  to  the  pulse  amplitude  over  the  field  range  of  interest,  the 
above  description  fails.  However,  it  is  possible  to  determine  the 
velocity  (defined  as  (d+  -  d_)/2r)  as  a  function  of  applied  field. 
A  phenomenological  model  assuming  non-linear  wall  damping  has  been 
proposed  which  reinterprets  the  bubble  collapse  time  for  such 
materials  by  the  equation 


T—T  + 

linear 


(d+  -  d_) 
2v 


CIO) 


where  T’nnear  is  given  by  the  linear  theory,  and  where  v  is  a 
saturation  velocity  30#  This  model  enables  a  comparison  to  be  made 
between  the  results  of  the  bubble  collapse  and  step  function  re¬ 
sponse  measurements  on  "non-linear"  materials. 

The  apparatus  used  in  the  bubble  collapse  method  is  illus¬ 
trated  in  Fig.  12.  The  pulsed  field  is  produced  by  a  small  coil 
(~2  mm  diameter,  —10  turns)  mounted  in  a  504?  strip  line  driven  by 
a  pulse  generator  (HP-214A).  The  pulse  coil,  whose  axis  is  co- 
linear  with  that  of  the  bias  field  coil,  is  separated  from  the 
sample  by  a  distance  of  the  order  of  1  mil  and  has  a  coil  constant 
of  (38.5  -2)  oe/amp. 

In  actual  practice  the  data  are  taken  in  statistical  fashion 
with  the  bias  field  held  fixed  during  the  entire  series  of  measure¬ 
ments.  For  each  pulse  amplitude,  the  distribution  in  collapse 
times  is  determined  by  first  generating  —25  bubbles  in  the  field  of 
view.  The  narrowest  pulse  width  is  chosen  and  the  number  of  bub¬ 
bles  that  collapse  during  the  application  of  this  pulse  is  noted. 

A  new  set  of  normal  bubbles  is  introduced  and  the  procedure  is  re¬ 
peated  for  increasing  pulse  widths.  The  representative  value  is 
taken  as  that  r  which  collapses  50%  of  the  bubbles.  Although  the 
measurement  would  appear  to  be  tedious,  it  can  really  be  made  quite 
quickly  because  of  the  ease  with  which  bubbles  can  be  generated 
(in  contrast  to  similar  measurements  on  orthoferrites). 

Taking  the  data  in  the  above  fashion  eliminates  any  problems 
with  hard  bubbles  which  have  rather  peculiar  dynamic  31,  32 
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properties  and  which,  in  the  past,  have  been  responsible  for  con¬ 
siderable  scatter  in  bubble  collapse  data  taken  on  individual  bub¬ 
bles.  As  an  example  of  the  results  for  normal  bubbles,  data  for  a 
Eu.8Er2.2Ee4.3Ga.7°12  film  are  shown  in  Fig.  13.  The  mobility  is 
determined  in  accordance  with  Eq.  (9).  The  straight  line  is  re¬ 
quired  to  have  the  intercept  predicted  by  this  equation  and  yields 
a  value  of  fi  =  90  cm/sec-oe  -10%.  If  the  ’’best”  straight  line  is 
put  through  the  points  without  concern  about  the  intercept,  the 
value  for  n  is  30%  higher.  The  solid  curve  represents  the  solution 
predicted  by  the  exact  equation,  Eq.  (3.4)  of  Ref.  2. 


Fig.  12.  Apparatus  for  deter¬ 
mining  ji  by  the  bubble  collapse 
technique. 


An  example  of  the  data  ob¬ 
tained  for  a  material  whose  wall 
velocity  varies  non-linearly 
with  applied  field  30  is  shown 
in  Fig.  14.  The  solid  curve 
was  calculated  using  the  non¬ 
linear  damping  model. 

In  the  step  function  re¬ 
sponse  method,  a  demagnetized 
sample  is  subjected  to  a  repeti¬ 
tive  pulsed  field  and  the  resul¬ 
ting  stripe  domain  wall  dis¬ 
placement  is  observed  via  a 
sampling  technique.  For  small 
displacements,  with  negligible 
inertial  effects  and  linear 
damping,  the  equation  of  motion 
of  a  180°  wall  is 


£x  +  ax  -  2MS  (H  -  Hc)  (11) 

The  solution  is 

x  =  xQ  £l  -  exp(-t/r)j  (12) 

where  xQ  =  2Mg(H  -  Hc)/a,  and  T=/?/a.  The  mobility  is  given  by 


t(H-Hc) 


(13) 


For  ”non-linear"  materials,  Eq.  (12)  fails  to  describe  the  ob¬ 
served  data.  However,  it  is  possible  to  describe  the  experimental 
results  using  the  phenomenological  model  mentioned  previously.  In 
this  model,  Eq.  (11)  is  replaced  by 


ft/  V  \x  +  ax  =  2MS  (H-Hc),  x  >0  (14) 

\v-x/ 
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The  solution  is 


x 


-  a(t  -  x/v)  /? 


(15) 


where  x0  =  2MS(H  -  Hc)/*  . 

The  measurement  is  made  using  the  apparatus  depicted  in  Fig. 

15.  The  sample  holder  and  coil  system  are  the  same  as  those  used 
for  the  bubble  collapse  measurement  with  the  only  differences  being 
in  the  light  source  and  in  the  detection  system.  This  facilitates 
the  comparison  of  measurements  made  by  the  different  techniques  on 
the  same  sample.  The  pulse  generator  is  used  to  drive  the  pulsed 
coil  and  also  to  provide  a  trigger  signal  for  the  sampling  scope 
(Tektronix  661)  which  is  operated  as  a  boxcar  integrator.  The  sig¬ 
nal  from  the  photomultiplier  is  amplified  (HP462A)  and  fed  into  the 
scope.  The  horizontal  sweep  is  driven  by  a  ramp  voltage  and  is  com¬ 
pleted  in  ~3  min.  A  necessary  increase  in  the  quality  of  the  data 
is  provided  by  feeding  the  vertical  output  of  the  scope  into  an  R-C 
filter  with  a  3  sec  time  constant  before  the  final  output  is  dis¬ 
played  on  the  y  axis  of. the  recorder. 


Fig.  13.  Dependence  of  the 
reciprocal  of  the  collapse  time 
on  the  pulsed  field  for  a  Eu#8- 
Ero  2Ee4  qGa  tOi  o  film  (4  7rMo  - 
260* G,  h  =  lf/i).  .  The  bias 
field  is  178  oe.  The  static 
collapse  field  is  191  oe. 


H  PULSE 


Fig.  14.  Dependence  of  the 
reciprocal  of  the  collapse  time 
on  the  pulsed  field  for  an 

Y2.4Eu.6Fe3.8Ga1.2°12  filt? 

(4  77"  Mg  =  92  G,  h  =  20 fi,  l  = 

.98 ju).  The  bias  field  is 
56.32  oe. 
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Fig.  15.  Apparatus  for  deter¬ 
mining  fi  by  the  step  function 
response  method. 


Fig.  16.  Wall  displacement 
versus  time  for  a  Eu#9Er2#i- 
E©4  36a  7O12  film  (4  7tMs  =  156G, 
h  =  6.9 }j,  L  =  1/i).  The  pulse 
field  is  30.8  oe. 


An  example  of  the  data  ob¬ 
tained  on  an  Eu  9Er2  iFe^^Ga  7- 
0^2  film  is  shown  in*Fig.#l6.' 

In  the  analysis  of  the  data,  it 
is  necessary  to  know  the  wall 
displacement  as  a  function  of 
applied  field.  Such  measure¬ 
ments,  which  are  made  statically, 
also  serve  to  indicate  the  re¬ 
gion  over  which  the  wall  dis¬ 
placement  varies  linearly  with 
field  and  should  be  made  prior 
to  taking  pulse  measurements. 
Since  the  rise  time  of  the  wall 
displacement  is  used  in  deter¬ 
mining  fx ,  it  is  important  that 
the  appropriate  time  constants 
of  the  apparatus  itself  be  con¬ 
siderably  less  than  that  of  the 
sample  response.  Because  of  the 
possibility  of  non-linear  be¬ 
havior  and  because  most  wall 
displacement  versus  time  curves 
(with  the  exception  of  the  most 
pathological  curves)  "look  ex¬ 
ponential,”  it  is  important  to 
repeat  the  measurement  for  sev¬ 
eral  values  of  pulse  amplitude. 
The  resulting  values  of  wall 
displacement  then  are  normalized 
to  their  respective  values  of 
xQ  and  plotted  as  a  function  of 
time.  For  a  ’’linear"  material, 
the  normalized  points  all  fall 
on  the  same  curve  as  predicted 
by  Eq.  (12).  This  is  illus¬ 
trated  In  Fig.  17  for  the  film 
described  in  Fig.  16.  The  solid 
curve  is  calculated  from  Eq. (12) 
using  r  =  200  nsec.  This  value, 
combined  with  the  value  of 
x0/(H-Hc),  yields  a  mobility  of 
40  cm/sec-oe  with  an  uncertainty 
of  -15%. 

In  the  case  of  a  "non¬ 
linear"  material,  the  curves 
representing  x/x0  versus  t  for 
different  pulse  amplitudes  need 
not  coincide.  This  is  illus¬ 
trated  in  Fig.  18  for  the  sample 
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Fig.  17.  Time  dependence  of 
x/x0  for  the  film  described  in 
Fig.  16. 


Fig.  18.  Time  dependence  of 
x/xQ  for  the  film  described  in 
Fig.  14. 


described  in  Fig.  14.  The  solid  curves  drawn  in  Fig.  18  were  calcu¬ 
lated  using  Eq.  (15)  with  values  of  v  and  J3  determined  from  bubble 
collapse  measurements  while  a  was  determined  from  static  measure¬ 
ments  of  the  field  dependence  of  the  stripe  width.  Although  the 
above  description  appears  to  represent  the  results  reasonably  well, 
other  interpretations  may  certainly  be  possible. 

The  question  as  to  which  technique  to  use  is  still  difficult  to 
answer.  It  would  appear  that  even  for  "non-linear”  materials,  the 
bubble  collapse  technique  is  still  capable  of  yielding  the  velocity 
dependence  on  drive  field.  In  the  step  function  response  method, 
the  use  of  pulsed  coils  with  fewer  turns  should  enable  rise  times 
in  the  nanosecond  region  to  be  observed.  By  calibration  of  the  ob¬ 
served  wall  displacement  curves,  it  should  be  possible  to  measure 
the  velocity  dependence  on  drive  field  from  the  initial  slope  of 
the  wall  displacement  versus  time  data.  Additional  techniques  are 
yet  emerging  and  are  discussed  in  greater  detail  elsewhere  in  this 
conference  S3,  34# 


CONCLUSIONS 

A  scheme  for  characterizing  bubble  materials  has  been  de¬ 
scribed.  A  detailed  description  of  the  methods  and  representative 
data  have  been  presented.  For  the  future,  there  are,  at  least,  two 
areas  of  concern.  Improvements  in  film  quality  will  require  im¬ 
proved  accuracy  in  the  existing  characterization  techniques.  The 
use  of  bubble  sizes  in  the  1  fx  range  will  eliminate  some  of  the 
present  methods  of  characterization  and  will,  no  doubt,  cause 
additional  techniques  to  emerge. 
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BUBBLE  TO  T-I  BAR  COUPLING  IN  AMORPHOUS  FILM  SMALL 
BUBBLE  DEVICES 


M.  H.  Kryder,  K.  Y.  Ahn,  G.  S.  Almasi,  G.  E.  Keefe, 
and  J.  V.  Powers* 

ABSTRACT 

In  GdCoMo  amorphous  film  bubble  devices  the  drive 
field  required  for  device  operation  has  been  found  to 
be  linearly  dependent  on  the  saturation  magnetization 
of  the  bubble  material  over  the  range  from  350  to 
1200G.  The  devices  studied  were  8000  bit  storage 
chips  employing  electron-beam-fabricated  T-bars,  Y- 
bars,  and  chevrons  of  1pm  linewidth.  The  bubble  domain 
diameter  and  film  thickness  were  approximately  2ym  in 
all  devices.  The  linear  increase  in  drive  field  with 
4irM  is  found  to  be  related  with  the  energy  required 
to  move  a  bubble  from  one  permalloy  pattern  to  an¬ 
other  across  a  gap.  On  the  other  hand,  the  field 
required  to  overcome  coercivity  in  the  movement  of  a 
bubble  without  leaving  a  single  permalloy  T-bar  is 
found  to  be  independent  of  variations  in  4ttM  of  the 
bubble  material. 

INTRODUCTION 

Early  2ym  amorphous  film  T-bar  devices'*'  have 
demonstrated  similar  operation  to  5ym  garnet  film  de¬ 
vices  except  for  a  significantly  higher  drive  field 
requirement.  Similarly, £garnet  devices  employing 
submicron  bubble  domains  required  somewhat  higher 
drive  fields  than  larger  bubble  domain  devices.  Both 
the  amorphous  films  and  the  submicron  garnets  had 
values  of  magnetization  in  the  kilogauss  range,  while 
those  for  5ym  garnets  are  more  typically  200G. 

In  a  series  of  amorphous  film  samples  where  the 
product  AK  is  decreased  to  allow  a  decrease  of  4ttM 
while  maintaining  a  constant  d,  we  have  obtained  data 
on  T-bar  devices  which  unambiguously  show  that  the  re¬ 
quired  drive  field  is  linearly  dependent  on  4ttM  .  On 
the  other  hand,  the  required  drive  field  for  bubble  mo¬ 
tion  in  a  gapless  structure,  such  as  under  a  single  T- 
bar,  is  found  to  be  independent  of  4ttM  .  The  required 
drive  field  can  therefore  be  limited  by  using  low  4irM 
material  or  gapless  propagation  structures. 

EXPERIMENTAL  DEVICE  STRUCTURES  AND  TECHNIQUES 

The  amorphous  film  bubble  devices  from  which  the 
data  were  taken  are  8000  bit  storage  devices  with  T-I 
and  Y-I  bar  shift  registers.  The  amorphous  films  had 
nominal  2ym  diameter  bubble  domains  and  were  approx- 
imate^y^2ym  thick.  T.  H.  P.  Chang Ts  electron  beam 
group  used  electron  beam  lithography  to  produce  the 
lym  linewidth  elements  in  the  device  structures. 

Figure  la  shows  a  8000  bit  storage  device  at  low 
magnification.  The  device  uses  a  major-minor  loop 
organization  with  two  identical  storage  areas.  The 
generator  is  located  at  the  lower  left  and  the  major 
loop  runs  along  the  bottom  of  the  shift  register  area. 

A  chevron  expander  detector  is  used  to  stretch  the 
bubble  about  250  times  and  is  located  in  the  lower 
right  guard  rail.  The  dummy  sensor  is  in  the  lower 
left  guard  rail. 

Manuscript  received  April  16,  1974 
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(a)  (b) 

Figure  1.  (a)  An  8000  bit  major-minor  loop  bubble  do¬ 

main  device.  (b)  A  high  magnification 
photograph  of  lym  linewidth  T-I  bars  fabri¬ 
cated  using  electron  beam  lithography 

Figure  lb  shows  a  high  magnification  photograph 
of  typical  lym  linewidth  T-I  bars.  From  the  photograph 
the  definition  of  the  T-I  bars  is  seen  to  be  quite 
good.  This  definition  was  repeatable  from  wafer  to 
wafer  so  variations  in  lithography  produced  a  minimun 
of  scatter  in  the  data. 

These  devices  were  fabricated  on  GdCoMo  amorphous 
films  with  various  values  of  magnetization  4ttM  but 
with  approximately  equal  bubble  size  and  film  thickness. 
To  do  this  it  was  necessary  not  only  to  change  47rM  , 
but  also  to  vary  the  product  of  the  exchange  and  S 
anisotropy  energies  so  that  the  ^-parameter  £  = 

Ak  /ttM  ,  remained  constant.  This  can  be  done  by  con¬ 
trolfling  the  composition  and  sputtering  conditions  of 
the  amorphous  films. 

The  effect  on  device  performance  of  varying  the 
permalloy  thickness  in  the  T-I  bars  was  studied  by  us¬ 
ing  the  same  device  on  the  same  wafer  with  various 
thicknesses  of  permalloy.  This  was  done  by  keeping 
the  200  A  NiFe  plating  base  on  the  device  and  electro¬ 
plating  in  layers  through  the  electron  beam  exposed 
PMMA  resist .  Thus  the  changes  in  device  performance 
could  be  monitored  while  keeping  the  bubble  material, 
device  structure  and  lithography  identical.  Micro¬ 
probe  analysis  showed  that  the  composition  of  the  t 

electroplated  NiFe  layers  varied  by  less  than  2%. 

The  SiO^  spacer  between  the  amorphous  film  and  the 
permalloy  elements  was  kept  constant  at  1500  A  for  all 
devices  discussed  here.  It  was  noted  that  removing 
the  200  A  NiFe  plating  base  by  sputter  etching  after 
the  final  layer  of  plating  did  improve  margins  for  some 
functions,  but  no  significant  change  took  place  in  the 
T-I  bar  propagation  margins. 

EXPERIMENTAL  DATA 

Propagation  margins  in  the  T-bar  shift  registers 
of  one  device  are  plotted  in  Figure  2.  The  bias  field 
is  normalized  to  the  collapse  field  H  ,  which  in  this 
case  was  about  230  Oe.  The  margins  a?  high  drive 
(60  Oe)  are  about  ±10%.  Margins  as  high  as  ±16%  have 
been  obtained  in  some  of  the  devices. 


Reprinted  from  IEEE  Transactions  on  Magnetics ,  vol.  MAG- 10,  pp.  825-831,  Sept.  1974. 
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Figure  2.  T-I  bar  propagation  margins  for  one  of 
the  devices  studied 

The  dependence  of  bias  field  operating  margins 
on  the  thickness  of  permalioy  used  in  the  T-I  bars  is 
shown  in  Fig.  3  for  one  of  the  8000  bit  devices.  This 


Ni-Fe  THICKNESS  (A) 

Figure  3.  A  plot  of  bias  field  margins  for  T-I  bar 

propagation  in  an  amorphous  film  as  a  func¬ 
tion  of  Ni-Fe  thickness 

particular  device  had  4ttM  ~700  Gauss.  All  the  data 
were  taken  with  a  constant  rotating  drive  field  of  58 
Oe  on  the  same  device.  The  data  show  an  initial  in¬ 
crease  in  operating  margins  with  Ni-Fe  thickness  until 
a  thickness  of  about  1500  A  is  reached,  above  which  no 
significant  increase  occurs.  There  appears  to  eventual¬ 
ly  be  a  slight  decrease  above  2500  A  thickness.  This 
dependence  is  typical  of  that  found  in  other  samples  on 
which  the  same  8000-bit  devices  were  fabricated. 

The  in-plane  drive  field  necessary  to  reliably 
propagate  bubble  domains  with  T-I  bars  has  been  found 
to  depend  linearly  on  the  saturation  magnetization  of 
the  magnetic  bubble  domain  material.  Figure  4  shows 
a  plot  of  this  dependence.  The  required  in-plane  drive 


4ttMs  (GAUSS) 

Figure  4.  A  plot  (•)  of  the  drive  field  necessary  to 
produce  +5%  margins  for  T-I  bar  propagation 
as  a  function  of  4ttM  of  the  amorphous  film. 

A  plot  (x)  of  the  minimum  drive  field  neces¬ 
sary  to  move  a  bubble  on  a  T-bar  without 
jumping  the  gap. 

field  was  determined  from  the  operating  margins  of  the 
device  and  arbitrarily  defined  as  that  necessary  to 
produce  a  +5%  operating  margin  about  the  mean  bias 
field.  As  may  be  seen  from  Fig.  2,  this  is  a  reasonably 
well  defined  value  of  field.  Every  data  point  on  the 
curve  in  Fig.  4,  is  representative  of  a  T-I  bar  device 
structure  on  a  different  amorphous  film.  The  data 
point  at  4ttMs  =  1200  Gauss  is  for  a  100  bit  shift  Reg¬ 
ister  device  like  that  reported  by  H.  L.  Hu  et.al.  .  ^ 
All  others  are  for  8000  bit  devices  similar  to  that 
shown  in  Fig.  1.  Up  to  nine  devices  were  put  on  each 
wafer  and  variations  in  the  required  drive  field  from 
device  to  device  on  a  given  wafer  were  typically  less 
than  20%. 

The  minimum  field  required  to  move  a  bubble  from 
one  end  to  the  other  of  a  T-bar  (without  jumping  the 
gap  to  the  I-bar)  is  also  plotted  in  Fig.  4  for  the  same 
devices  used  in  obtaining  data  on  the  T-I  propagation. 
These  data  are  constant  at  about  10  Oe  and  independent 

of  4ttM  . 
s 

DISCUSSION 

The  data  of  Figs.  3  and  4  indicate  the  nature  of 
the  coupling  between  the  bubble  domain  and  the  T-I  bar 
structure.  Saturation  effects  caused  by  the  stray 
field  of  the  bubble  domain  are  indicated  by  the  data 
of  Fig.  3.  When  the  permalloy  bars  are  very  thin  the 
higher  4ttM  bubble  materials  saturate  the  bar  making 
it  insensitive  to  the  rotating  in-plane  drive  field. 

By  increasing  the  thickness  of  the  permalloy  bar,  the 
amount  of  flux  required  to  saturate  it  is  increased 
and  it  becomes  easier  to  propagate  the  higher  4ttM 
bubble  domains.  The  eventual  decrease  in  margins  for 
very  large  thicknesses  could  be  due  to  several  effects 
and  is  still  being  investigated. 

The  data  of  Fig.  4  indicate  that  the  energy  re¬ 
quired  to  propagate  a  bubble  domain  in  the  T-bar 
structure  is  proportional  to  the  moment  of  the  bubble 
domain.  Observations  indicate  that  the  failure  to 
propagate  at  low  drive  fields  is  due  to  the  inability 
of  the  bubble  domain  to  jump  the  gap  from  a  T-  to  I- 
bar  or  vice-versa.  This  may  be  qualitatively  under¬ 
stood  if  one  notes  that  the  force  which  must  be  ex¬ 
erted  on  a  bubble  domain  in  order  to  free  it  from  a 
non-saturated  permeable  T-  or  I-bar  is  proportional  to 
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M  .  On  the  other  hand,  the  force  supplied  by  an  at¬ 
tractive  pole  on  a  neighboring  non-saturated  T-  or  I- 
bar  is  proportional  to  MHi i  where  Hi i  is  the  magnitude 
of  the  in-plane  field  producing  the ’pole  on  the  T-  or 
I-bar.  Neglecting  coercive  effects  one  therefore  finds 
that  the  in-plane  field  required  to  cause  a  bubble  to 
jump  the  gap  is  proportional  to  M  ,  the  saturation 
magnetization  of  the  bubble  domain.  The  linear  depend¬ 
ence  of  the  data  on  4ttM  over  the  range  from  350  to 
1200  Gauss  is  consistent  with  this  argument. 

The  data  in  Fig.  4  on  the  drive  field  necessary 
to  move  a  bubble  on  a  T-bar  show  that  the  field  re¬ 
quired  to  move  a  bubble  in  a  gapless  structure,  on 
the  other  hand,  is  independent  of  4ttM  of  the  bubble 
material.  This  field  is  believed  to  fe  due  primarily 
to  the  coercivity  of  the  permalloy  and  bubble  materials. 
The  data  on  T-bar  propagation  extrapolate  to  the  same 
10  Oe  drive  indicating  that  the  same  coercive  effects 
are  responsible  fog  the  positive  intercept  of  that  data. 

George  et  al.  have  presented  a  phenomenological 
model  at  this  same  conference  predicting  dependencies 
like  those  found  in  this  report.  Their  model  is  based 
on  arguments  similar  to  those  presented  above,  but 
goes  into  more  detail  and  offers  quantitative  predic¬ 
tions.  Although  sufficient  data  is  not  available  for 
a  complete  test  of  their  model,  the  data  of  Fig.  4 
qualitatively  agree  with  their  predicted  dependence  of 

drive  field  on  4ttM  . 
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INTRODUCTION 

Electron  beam  instruments  offer  several  impor¬ 
tant  advantages  for  lithography: 

a)  sub- micron  capability 

b)  higher  adaptability  to  automation 

c)  ability  to  write  directly  on  wafers  without  the 
need  of  a  mask. 

Fig.  1  summaries  the  general  areas  where 
electron  beam  instruments  can  be  used  and  also  the 
relation  with  other  lithography  instruments.  It  can 
be  seen  that  electron  beam  instruments  can  be  used 
for  both  mask  making  and  direct  wafer  exposure. 

As  a  mask  maker  it  fabricates  directly  the  final  1  x 
mask  without  the  need  for  an  intermediate  mask 
reduction  and  can  cover  the  mask  requirement  of 
both  the  conventional  optical  printing  and  the  new  high 
resolution  systems  which  employ  x-ray  contact 
printing^  and  electron  beam  projection.  "  As  a 
direct  wafer  exposure  machine  it  offers  the  unique 
feature  of  maskless  pattern  generation  in  addition  to 
the  high  resolution  capability.  The  through-put 
requirement  of  a  direct  exposure  machine  is 
generally  higher  than  that  for  mask  making.  Apart 
from  this  the  basic  requirements  of  these  two 
applications  are  very  similar. 


j 


materials  is  the  one  based  on  polymethylmethacrylate 
(PMM).  Electron  resist  can  be  used  either  for 
etching  or  for  lift  off.  The  sensitivity  of  PMM  resist 
varies  from  10"  4  to  10“ ^  coulomb/cm*  for  a  beam 
accelerating  potential  of  25kV  depending  on  the  final 
resist  thickness  required  and  the  development 
technique  employed. 1  In  recent  years  several  new 
resist  materials  of  both  positive  and  negative  types 
with  improved  sensitivity  in  the  10“  ^  to  10“®  coulomb/ 
cm^  range  have  been  reported. 


ELECTRON  BEAM  INSTRUMENTS 

The  electron  beam  instrument  most  commonly 
used  is  of  a  scanning  type  in  which  a  finely  focussed 
electron  beam  is  used  to  scan  over  the  surface  of  a 
resist  covered  sample,  and  the  position  of  the  beam 
is  controlled  by  an  electro -magnetic  deflection  unit 
in  such  a  way  as  to  generate  the  required  pattern. 

The  electron  optical  column  consists  of  an  electron 
gun  followed  by  two  or  more  electro -magnetic  lenses. 
The  function  of  the  electron  lenses  is  to  focus  a  fine 
electron  beam  onto  the  surface  of  the  sample  by 
demagnifying  the  electron  gun  source.  The  size  of 
the  final  beam  can  be  readily  varied  by  changing  the 
focal  length  of  the  electron  lenses  and  it  is  generally 
adjusted  to  approximately  one  quarter  of  the 
minimum  pattern  linewidth  to  ensure  good  line 
definition. 

The  electron  gun  employed  is  usually  of  the 
conventional  triode  type  using  a  thermionic  cathode 
which  is  either  a  tungsten  filament  or  a  lanthanum 
boride  rod.  The  latter  is  preferred  for  its  higher 
brightness,  longer  life,  and  better  stability. 

Recently  field  emission  guns  have  also  been  considered 
for  this  application  because  of  their  high  brightness 
capability.  However,  because  the  effective 
brightness  of  field  emission  guns  is  strongly  related 
to  the  operating  aperture,  higher  beam  current  than 
thermionic  guns  can  only  be  obtained  for  relatively 
small  beam  diameters.  It  has  been  shown  by 
Broers^  that  for  a  typical  case  this  transition  point 
occurs  at  a  beam  diameter  of  approximately  1000A 
when  comparing  a  ICjjiA  field  emission  gun  with  a 
lanthanum  boride  gun. 


Fig.  1  Applications  for  electron  beam  systems 


ELECTRON  BEAM  INSTRUMENTS 

In  practice,  the  electron  beam  generates  the 
pattern  by  exposing  a  resist  coating  and  many  con¬ 
ventional  photo -resist  materials  such  as  AZ1350  can 
be  used.  However,  best  results  are  obtained  with 
resist  materials  which  are  developed  specially  for 
electron  exposure.  The  best  known  class  of  these 


The  design  of  the  electron  lenses,  in  particular 
the  final  lens,  has  to  fulfill  the  requirements  of  both 
high  exposure  speed  and  large  field  size  coverage. 

It  is  difficult  to  satisfy  these  two  requirements 
simultaneously.  For  high  exposure  speed,  it  is 
necessary  to  focus  as  much  current  as  possible  into  a 
given  beam  diameter  and  to  achieve  this  it  is 
important  to  keep  the  lens  aberrations  low.  On  the 
other  hand,  to  increase  the  field  size,  it  is  necessary 
to  increase  the  focal  length  of  the  lens  and  to  keep 
the  deflection  angle  small.  The  longer  focal  length 


Reprinted  from  IEEE  Transactions  on  Magnetics ,  vol.  MAG-10,  pp.  883-887,  Sept.  1974. 
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increases  lens  aberrations  which  reduces  the  beam 
current  and  hence  the  exposure  speed.  There  is 
therefore  a  need  to  work  out  a.  suitable  compromise 
between  speed  and  field  size  to  achieve  a  proper 
trade-off.  It  should  be  pointed  out  that  electron 
lenses  designed  for  scanning  electron  microscopes 
generally  do  not  offer  the  best  compromise  for 
electron  beam  lithography. 

Apart  from  electron  gun  and  lenses,  several 
other  components  are  also  required  for  the  electron- 
optical  column  to  operate  effectively.  The  following 
are  some  important  examples  of  these  components: 

.  a  beam  blanking  unit  of  either  electrostatic 
or  electro -  magnetic  type  to  switch  off  the 
electron  beam  by  deflecting  it  off  the  optical 
axis. 

.  a  deflection  unit  of  either  the  double  deflection 
type  housed  inside  the  bore  of  the  final  lens 
or  a  single  deflection  type  located  after  the 
lens.  Although  both  electrostatic  and 
electro -magnetic  deflection  units  can  be  used, 
the  latter  is  generally  preferred  for  reasons 
of  lower  aberrations  and  better  immunity  to 
surface  charging  effect. 

.  a  dynamic  focus  correction  unit  to  overcome 
deflection  aberrations  difficulties. 

.  an  electron  detection  system  to  collect 
electron  signals  for  viewing  of  registration 
marks  and  other  features  on  the  target 
surface. 

.  a  high  precision  Workstage  with  suitable 
motorized  traverse  to  cover  the  entire  wafer. 

.  a  vacuum  system 

In  the  scanning  system,  pattern  generation  can 
be  achieved  in  two  ways  -  analogue  or  digital.  A 
typical  example  of  the  analogue  techniques  is  the 
flying  spot  scanner, 1  which  uses  a.  high  resolution 
cathode  ray  tube  to  read  a  mask.  The  performance 
of  this  system  is  limited  by  the  resolution  of  the  CRT 
to  around  2000  scan  lines. 

In  the  digital  technique  the  system,  is  generally 
operated  under  control  of  a  computer  and  pattern 
data  is  defined  as  a  series  of  binary  numbers.  Since 
the  pattern  is  specified  in  a  digital  form  the 
complexity  of  the  pattern  is  only  limited  by  the  data 
handling  and  storage  facility  of  the  computer  which 
can  be  readily  expanded  according  to  requirement. 

The  digital  approach  also  has  the  advantage  of  being 
directly  compatible  with  computer  aided  circuit 
design  facilities. 

There  are  many  ways  in  which  a  microcircuit 
pattern  may  be  specified  and  stored  as  binary  numbers 
in  a  computer.  In  practice,  the  two  most  widely 
used  methods  are: 

a)  the  raster- scan  method  in  which  a  television 
type  scan  is  used  to  cover  the  entire  chip  area  and 
the  pattern  is  defined  as  positions  along  each  scan 
line  requiring  exposure.  The  data  of  these  positions 
are  specified  and  stored;  and 

b)  the  vector -scan  method  in  which  the  pattern 


is  divided  into  a  series  of  basic  elements  in  shapes 
such  as  rectangle,  parallelogram,  trapeziums  etc. 
and  each  of  these  element  specified  by  a  few  basic 
numbers  such  as  co-ordinates  of  diagonally  opposite 
corners  etc.  Pattern  generation  is  achieved  by 
programming  the  electron  beam  to  access  each  of 
these  basic  elements  sequentially  in  a  vector  manner 
and  expose  each  by  a  fill  in  scan. 


RASTER  SCAN  VECTOR  SCAN 


Fig.  2.  Principles  of  Raster-Scan  and  Vector-Scan 
Techniques 

Fig.  2  shows  the  basic  principles  of  these  two 
methods.  The  vector  scan  method  is  the  more 
efficient  of  the  two  as  it  does  not  require  the  electron 
beam  to  scan  over  areas  where  no  pattern  exposure 
is  needed.  It  is  also  more  flexible  and  requires 
less  computer  storage  for  data.  However,  for  this 
method  to  be  operated  satisfactorily  a  much  higher 
performance  deflection  system  is  required. 


Fig.  3  A  computer  controlled  electron  beam  system 

A  typical  example  of  the  layout  of  a  computer 
controlled  electron  beam  system^  is  shown  in  Fig.  3. 
In  such  system  the  whole  pattern  exposure  process 
can  be  automated.  The  computer  accepts  and 
stores  pattern  data  and  is  also  programmed  to  per¬ 
form  two  primary  functions:  (1)  pattern  generation, 
where  it  is  used  as  a  large  capacity  data  storage 
device  with  high  speed  data  retrieval  and  (2)  process 


controller  to  initiate  and  sequence  the  operation  of 
the  system  for  the  stepping  and  repeating  of  patterns. 
Data  from  the  computer  are  transferred  to  an  inter¬ 
face  unit  which  directs  them  to  the  various  special 
purpose  digital  control  units.  For  pattern  genera¬ 
tion,  the  digital  control  unit  is  used  to  convert  the 
pattern  data  into  appropriate  analog  signals  which  are 
then  suitably  attenuated  in  the  field  size  control  unit 
and  sent  to  the  amplifiers  of  the  deflection  system. 
After  the  pattern  has  been  generated  on  each  chip 
location,  the  work  stage  control  unit  directs  the  table 
to  a  new  location.  Signals  from  the  registration 
marks  are  then  collected,  converted  into  digital  form, 
and  read  into  the  computer  so  that  the  overlay  correc¬ 
tion  data  can  be  computed.  These  corrections  are 
then  applied  to  the  field  size  and  d.  c.  offset  control 
units. 

An  electron  beam  system  is  invariably  complex 
and  its  satisfactory  operation  demands  a  high  standard 
of  engineering.  In  particular,  great  care  has  to  be 
taken  in  areas  relating  to  the  position  and  intensity  of 
the  electron  beam. 

PERFORMANCE 

The  high  resolution  capability  of  the  electron 
beam  technique  has  been  established  and  devices 
with  submicron  geometries  have  been  successfully 
fabricated.  The  technology  of  automating  an 
electron  beam  system  by  a  computer  to  give  faster 
turn  around  time  and  greater  freedom  in  circuit 
design  has  also  been  demonstrated.  Fig.  4  gives 
one  example  of  a  complex  high  density  pattern 
generated  by  a  computer  controlled  electron  beam 
instrument.  *-3  The  pattern  shows  an  8k  bit  bubble 
memory^  with  lpm  linewidth  covering  a  field  of 
approximately  2mm  x  2mm. 

The  following  is  a  brief  general  evaluation  of 
the  performance  of  a  scanning  electron  beam  system. 

For  an  electron  beam  forming  system  as  shown 
in  Fig.  5  the  beam  current  I  (Amp)  that  can  be  focussed 
into  a  beam  diameter  D(cm)  for  the  on- axis  case  can 
be  expressed  as  ^ 

I  =  3.  58c^2p[D2  -  (1/2  Cso<3)2  -  <Cc-4Yo02] 

where  oL  =  semi- angular  aperture  of  the  beam  in 
radian 

(3  =  gun  brightness  in  A/cm2  ster. . 

Cs  =  spherical  aberration  of  the  lens  in  cm. 

Cc  =  chromatic  aberration  of  the  lens  in  cm. 

=  energy  spread  of  the  beam  in  volts 

V  =  accelerating  voltage  of  the  beam  in  volts 

This  expression  shows  that  beam  current  increases 
with  increase  of  gun  brightness  and  with  decrease  of 
lens  aberrations.  It  also  indicates  that  by  optimizing 
the  value  of  d,  the  semi-angular  aperture,  a  maxi¬ 
mum  value  of  I  can  be  attained.  However,  such 
optimization  should  be  treated  with  some  care.  This 
is  because  it  is  difficult  in  practice  to  actually  use 
the  relatively  large  value  of  d  often  called  for  by  the 
optimization  without  at  the  same  time  introducing 
excessive  deflection  aberrations  and  thus  limiting  the 


Fig.  4A  An  8k  bit  bubble  memory  chip 


Fig.  4B  Details  of  Y-bar  region  showing  lju  linewidth 
structures 


Fig.  4C  Details  of  chevron  region  showing  high 
packing  density  of  1 p.  lines 
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field  size.  The  specific  value  of  ot  to  be  used  will 
depend  on  the  characteristic  of  each  individual  system 
and  the  acceptable  trade-offs  between  beam  current 
and  field  size  for  each  particular  exposure. 


h“D“d 


Fig.  5  Electron  Optical  Performance 

Knowing  the  beam  current,  the  exposure  time, 
T  (sec)  required  to  cover  a  given  field  size  of  area 
A  (cm2)  can  be  worked  out  simply  as 


where  S  (coulomb/cm2)  is  the  resist  sensitivity. 

The  following  example  gives  the  typical  perfor¬ 
mance  of  an  electron  optical  column  using  a  lanthanum 
hexaboride  gun  (brightness  =  106A/cm2  ster  at  25kV) 
and  a  final  lens  at  5  cm  focal  length  (Cs  =  10  cm, 

Cc  =  5  cm)  operating  at  a  beam  semi^angular 
aperture  of  6  x  10“ 2  rad.  The  current  that  can  be 
focussed  into  a  beam  diameter  of  0.  25 ]i  is  approxi¬ 
mately  7  x  10“ 8  amp.  The  focal  length  and  beam 
diameter  are  chosen  for  the  fabrication  of  devices 
with  Ip.  geometry  and  a  field  size  of  2mm  x  2mm. 

Thus,  taking  the  resist  sensitivity  of  5  x  10“^coul/cm2, 
the  exposure  time  per  field  would  be  30  sec.  However, 
if  the  beam  is  directed  to  only  those  areas  requiring 
exposure,  this  speed  can  be  reduced  according  to  the 
percentage  area  of  coverage  by  the  pattern  and  if  an 
average  of  .30%  coverage  is  assumed  the  exposure 
time  per  field  would  be  10  sec.  This  time  can  be 
further  reduced  with  improvements  in  gun  brightness 
and  resist  sensitivity.  For  example,  taking  the 
higher  sensitivity  values  of  the  new  resist  materials 
reported,  at  least  a  one  order  reduction  of  exposure 
time  would  be  possible.  The  total  exposure  time 
per  wafer  could  then  be  worked  out  from  the  total 
number  of  field  exposed  and  the  time  taken  to  mecha¬ 
nically  step  and  electronically  register  each  field. 


The  field  size  scanned  by  the  electron  beam  is 
relatively  small  compared  with  the  size  of  the  wafer 
and  mechanical  stepping  is  therefore  necessary  for 
the  patterns  to  be  generated  over  the  entire  wafer. 


Factors  affecting  field  size  are  the  aberrations  of  the 
deflection  system,  accuracy  of  the  deflection  drive, 
and  resolution  of  the  pattern  generator.  Typically 
for  a  digital  system  field  sizes  up  to  8, 000  scan  lines 
can  be  achieved.  Taking  a  minimum  of  4  scan  lines 
to  form  a  pattern  line,  this  is  equivalent  to  a  field 
size  of  2000  pattern  lines.  This  means  that  for  a 
pattern  containing  minimum  linewidth  of  lp.,  the 
corresponding  field  size  would  be  approximately 
2mm  x  2mm. 

The  requirement  of  registration  (i.  e.  alignment 
of  overlay  pattern  layers)  is  generally  achieved  by 
scanning  the  electron  beam  over  special  registration 
marks  previously  placed  on  the  wafer  surface  and 
detecting  the  variation  in  the  intensity  of  the  electron 
signal  emitted  from  the  surface  as  the  beam  scans 
across  the  mark.  Although  signals  from  either 
backscattered  electrons  or  secondary  electrons  can 
be  used  to  locate  the  registration  marks,  experimen¬ 
tal  results  show  that  the  backscattered  electrons 
provide  a  more  reliable  signal  for  registration.  ^ 

The  registration  process  can  be  controlled  by  the 
computer  which  analyses  the  signal  from  the  registra¬ 
tion  marks  and  computes  and  applies  the  corrections 
to  the  deflection  unit  automatically.  The  parameters 
requiring  correction  include  position  and  field  size  in 
x  and  y  directions,  orthogonality,  and  rotation. 
Registration  accuracy  to  10  or  20%  of  the  minimum 
pattern  linewidth  is  often  called  for.  To  achieve 
such  accuracy  requires  careful  control  of  various 
factors  related  to  positional  accuracy  of  the  beam 
such  as  noise,  drift,  eddy  and  hysteresis  effects  in 
the  deflection  system,  mechanical  vibration, 
thermal  expansion,  and  any  random  effects  due  to 
column  charging,  stray  field  interaction  and  gun  drift, 
etc. 

One  of  the  problems  observed  when  attempting 
to  write  complex  high  density  patterns  is  that  the 
optimum  exposure  dosage  requirement  at  different 
areas  of  the  pattern  can  be  different.  This  variation 
is  dependent  partly  on  pattern  geometry,  e.  g.  the 
linewidth,  and  partly  on  ’’proximity"  effect,  that  is, 
the  packing  density.  This  variation  is  mainly  due  to 
the  contribution  of  back  scattered  electrons  to  the 
exposure  of  the  resist  and  is  therefore  also  dependent 
on  beam  accelerating  voltage,  resist  thickness,  and 
substrate  material  used.  In  general,  larger  pattern 
geometries  require  less  exposure  dosage  than 
smaller  ones,  and  closely  packed  areas  also  require 
less  exposure  than  isolated  locations.  In  the  case 
of  a  relatively  simple  pattern  with  relatively  large 
geometry  say  above  one  micron,  this  variation  of 
exposure  requirement  can  usually  be  taken  care  of 
by  the  resist  exposure  tolerance.  However,  in  the 
case  of  complex  high  density  patterns,  especially 
ones  with  .submicron  geometries,  correct  exposure  is 
often  not  achieved  by  relying  on  the  resist  tolerance 
alone  and  some  means  of  providing  automatic 
adjustment  to  the  exposure  is  required.  It  has  been 
found^2  that  one  effective  way  of  solving  this  problem 
is  to  selectively  vary  the  scanning  speed  of  the  beam 
according  to  exposure  requirement.  For  the  case 
where  the  pattern  is  generated  as  a  series  of  small 
basic  elements,  the  scanning  speed  for  each  of  these 
elements  can  be  readily  varied  according  to  need  via 
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the  computer,  and  the  necessary  instructions  for  this 
variation  can  be  incorporated  into  the  initial  pattern 
data  preparation  program.  Experimental  results 
show  that  this  approach  works  and  has  considerably 
more  flexibility  than  several  other  possible  solutions 
such  as  varying  the  beam  current  or  tailoring 
pattern  size,  etc.  The  bubble  pattern  shown  in 
Fig.  4  is  a  typical  example  of  this  proximity  problem 
as  it  can  be  seen  that  the  packing  density  of  pattern 
in  the  Y-bars  region  is  substantially  less  than  that 
in  the  chevrons  region  thus  resulting  in  a  different 
requirement  in  exposure  for  these  two  areas.  The 
pattern  shown  in  Fig.  4  was  generated  with  exposure 
dosage  adjusted  automatically  by  the  computer. 
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TRANSIENT  BUBBLE  AND  STRIPE  DOMAIN  CONFIGURATIONS  IN  MAGNETIC  GARNET  MATERIALS* 

+  t  t 

G.  J.  Zimmer  ,  T.  M.  Morris  ,  and  F.  B.  Humphrey 


ABSTRACT 

Transient  dynamic  bubble  and  stripe  domain  config¬ 
urations  in  magnetic  garnet  materials  (Y1.57EuQ.7e 
Tm0.65Gai.05Fe3*?50i2)  has  been  observed  using  a 
stroboscopic  optical  microscope  capable  of  making  a 
series  of  single  exposure  10  nsec  pictures  of  the  dynam¬ 
ic  domain  configuration  at  various  times  during  and 
after  the  application  of  a  3  ysec  bias  field  pulse  that 
reduces  the  bias  field.  Wave-like  distortions  are 
observed  in  the  widening  stripe  after  approximately  1.5 
usee  of  initial  uniform  widening.  This  random  distor¬ 
tion  continues  to  grow  until  the  end  of  the  pulse.  Dur¬ 
ing  the  relaxation  the  gross  shape  of  the  stripe  contin¬ 
ues  to  become  more  distorted  for  the  next  couple  of 
microseconds  after  the  end  of  the  pulse  as  the  stripe 
attempts  to  return  to  its  original  narrow  state.  Random 
protuberances  are  observed  on  the  wall  at  times  as  long 
as  10  ysec  after  the  end  of  the  pulse.  Bubble  domains 
in  both  implanted  and  non-implanted  samples  exhibit  dis-  * 
tortions  as  they  are  expanded  and  during  relaxation. 

For  moderate  pulse  amplitude,  the  bubbles  grow  and 
become  distorted  after  about  1^  ysec  and  exhibit  charac¬ 
teristic  but  highly  distorted  shapes  by  the  end  of  the 
3  ysec  pulse.  Upon  termination  of  the  pulse  as  the 
bubble  attempts  to  relax  back  in  a  bias  field  very  near 
bubble  collapse,  the  bubble  takes  on  extreme  yet  charac¬ 
teristic  shapes  during  relaxation.  In  non-implanted 
material,  some  bubbles  are  much  less  affected  by  the 
pulse  than  others  and  are  considered  "harder".  Conver¬ 
sions  from  "harder"  to  "softer"  and  "softer"  to  "harder" 
can  be  seen  to  occur  typically  taking  one  pulse  to  be¬ 
come  hard  and  a  couple  of  pulses  to  become  soft. 

INTRODUCTION 

Transient  dynamic  bubble  and  stripe  domain  configu¬ 
rations  in  magnetic  garnet  materials  have  been  investi¬ 
gated  using  a  stroboscopic  optical  microscope.  The 
technique  used  is  similar  to  that  used  by  Kryder  and 
Humphrey1  on  permalloy  thin  films  or  Morris  and 
Malozemoff2  on  garnets,  differing  from  others3*4 9 5  inves¬ 
tigating  garnets  in  that  a  single  10  nsec  exposure  is 
recorded.  Transient  shapes,  even  if  random,  can  be 
investigated.  Instabilities  and  wave-like  distortions 
have  been  previously  observed  in  expanding  stripe  do¬ 
mains  in  non-implanted  materials  by  Morris  and 
Malozemoff2.  Here  the  measurements  on  stripe  domains  have 
been  repeated  on  implanted  material  and  extended  to  in¬ 
clude  the  relaxation  of  the  stripe  back  to  equilibrium. 
Bubbles  in  implanted  and  non-implanted  materials  have 
been  expanded  by  a  pulsed  decrease  in  bias  field  and 
their  shape  observed  at  various  times  during  the  expan¬ 
sion  and  the  subsequent  relaxation  to  equilibrium. 

EXPERIMENTAL 

The  sampling  stroboscopic  optical  microscope  used 
here  operates  in  either  the  transmission  or  epi- 
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illumination  mode  allowing  the  observation  of  bubbles 
or  stripes  either  in  the  binocular  eyepiece  or  on  16 
mm  film.  A  modified  Leitz  microscope  is  used  with 
linear  magnification  up  to  800X.  The  illumination 
source  consists  of  a  100  KW  Avco-Everett  Flowing  Nitro¬ 
gen  Ultraviolet  laser  pumping  a  10~3  molar  rhodamine 
6  G  dye  laser.  The  resultant  10  nsec  wide  yellow 
light  flash  is  bright  enough  to  observe  a  single  pulse 
either  by  the  eye  or  on  the  Kodak  4X  16  mm  movie  film. 
Operating  at  16  pulses  per  second,  the  laser  provides 
<1  nsec  time  jitter  in  the  observed  light  pulse  and 
<1%  amplitude  jitter  when  observed  with  an  HPA  4207 
photodiode  with  a  less  than  2  nsec  response  time.  Bias 
field  pulses  were  provided  by  a  Hewlett  Packard  21 4A 
pulse  generator  and  a  pancake  coil  with  the  relative 
delay  between  pulse  and  laser  strobe  provided  by  the 
delaying  sweep  output  of  an  oscilloscope.  Samples 
used  were  of  nominal  chemical  composition  Y1t57Euo,78 
Tm0 .6  5Gai .0  5Fe3.950i2  with  4ttM  =  200  Gauss.  The 
implanted  material  was  7.2y  thick  with  bubble  collapse 
field  of  90.6  Oe.  The  non-implanted  material  was 
6.2y  thick  with  86.1  Oe  bubble  collapse.  The  samples 
were  kindly  provided  by  Rockwell  International  in 
Anaheim. 

RESULTS  AND  DISCUSSION 

The  photographic  results  are  most  conveniently 
and  profitably  displayed  as  a  motion  picture  of  the 
dynamic  domain  configuration  at  various  instants  of 
time.  Selected  frames  from  various  sequences  are 
presented  here.  Figure  1  shows  stripes  in  an  implanted 
sample  being  pulsed  so  as  to  increase  the  width  of  the 
stripe  in  much  the  way  that  Morris  and  Malozemoff2 
pulsed  their  stripes.  Figure  la  shows  the  freshly 
demagnetized  implanted  sample  biased  at  70.7  Oe  with 
the  straight  stripe  domains  just  prior  to  the  applica¬ 
tion  of  the  first  -110  Oe  pulse.  This  equilibrium 
width  of  the  stripe  is  the  width  that  would  be  seen  if 
the  usual  illumination  with  a  continuous  lamp  were  used 
since  this  is  the  width  of  the  stripe  most  of  the  time. 
The  large  blotch  in  the  upper  portion  of  the  figure 
is  a  burned  spot  in  the  objective  lens  and  does  not 
affect  the  sample.  Figures  lb  and  c  are  pictures  taken 
after  the  pulse  has  been  applied  for  3  ysec  on  two 
successive  pulses.  It  can  be  seen  that  the  overall 
stripe  pattern  has  changed  considerably  since  the 
stripes  have  been  pulsed  many  times  between  la  and  lb 
as  photographs  at  earlier  times  were  taken  but  not 
shown  here.  Figure  1 c  is  similar  to  lb  since  it  was 
taken  on  the  very  next  pulse.  They  show  very  clearly 
that  the  instabilities  that  were  observed  by  Morris  and 
Malozemoff2  are  evident  in  implanted  material  also.  By 
looking  at  a  length  of  stripe  a  better  feeling  for  the 
randomness  of  the  effect  can  be  obtained.  Certainly, 
the  regularity  of  the  wavelets  is  of  short  range.  It 
can  also  be  seen  that  the  instabilities  manifest  them¬ 
selves  in  at  least  three  somewhat  distinct  styles. 

The  "sine  wave"  as  observed  by  Morris  and  Malozemoff 
is  best  shown  by  the  lower  middle  of  the  left  hand 
stripe  in  Fig.  1c.  There  is  also  a  "cross  tie"  style 
seen  best  in  the  center  of  the  right  hand  stripe  in 
Fig.  lb  and  the  "tractor  track"  style  seen  best  in  the 
upper  portion  of  the  right  hand  stripe  in  Fig.  lb.  The 
randomness  of  the  pattern  from  pulse  to  pulse  can  be 
seen  by  comparing  Fig.  lb  with  the  very  next  pulse  at 
exactly  the  same  time  delay  as  in  Fig.  lc.  It  can  be 
seen  that  the  various  styles  of  instabilities  change 
from  pulse  to  pulse  along  the  stripes.  The  total  width 
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of  the  stripes  as  given  by  the  crest- to-crest  distance 
varies  considerably  on  different  portions  of  the 
stripe,  and  from  pulse  to  pulse,  in  the  same  portion. 


Fig.  1.  Photographs  of  the  dynamic  stripe  domain 
pattern  in  ion-implanted  bubble  garnet  material. 

a)  Equilibrium  pattern  with  a  70.7  Oe  bias  field; 

b)  Transient  pattern  after  the  application  of  a 
3  ysec,  -110  Oe  pulse  to  widen  the  stripe;  c) 

Transient  pattern  with  the  same  conditions  as  b) 
but  the  very  next  pulse;  d)  Transient  pattern 

1  ysec  after  the  end  of  the  widening  pulse  in  b;  e) 
Transient  pattern  with  the  same  conditions  as  d  but 
the  very  next  pulse;  f)  Transient  pattern  4  ysec 
after  the  end  of  the  widening  pulse  in  b  (Note: 

This  frame  contains  a  left-right  mirror  inversion 
inadvertently  made  when  the  composite  figure  was 
composed) . 

The  relaxation  of  the  stripe  back  to  the  equili¬ 
brium  width  is  illustrated  in  Fig.  Id  and  e  which  are 
two  sequential  photographs  taken  1  ysec  after  the  end 
of  the  widening  pulse.  It  can  be  seen  that  the  insta¬ 
bility  increases  as  the  stripe  becomes  a  wavy  band 
narrower  than  its  ultimate  equilibrium  width.  The 
shape  seems  to  be  mostly  either  "tractor  track"  or 
"cross  tie"  with  the  wall  changing  from  one  style  to 
the  other  on  the  very  next  pulse.  For  example  notice 
the  lower  right  hand  portion  of  the  stripe  where  it  goes 
from  tractor  track  in  Fig.  Id  to  cross  tie  in  Fig.  le. 
Figure  If  shows  the  wall  at  4  ysec  after  the  end  of  the 
expansion  pulse.  The  wall  has  obtained  its  equilibrium 
width,  although  it  is  yet  to  relax  into  a  fairly 
straight  wall  which  it  will  do  after  a  few  more  micro¬ 
seconds.  The  protuberances  that  stick  out  changed  at 
random  from  pulse  to  pulse  both  in  number  and  side  of 
the  wall  which  they  stick  out.  Although  it  is  not 
shown  here,  the  same  general  shapes  were  obtained  by 
pulsing  non-implanted  material. 

Figure  2  shows  the  transient  domain  shapes  of  an 
array  of  bubbles  in  implanted  material  that  have  been 


pulsed  to  expand  the  bubbles  and  then  allowed  to  relax 
back  to  equilibrium.  Figure  2a  is  the  bubble  array 
biased  at  80  Oe  in  equilibrium  before  the  application 
of  the  pulse.  The  equilibrium  diameter  of  the  bubble 
domains  can  be  seen  in  the  photograph.  This  image  is 
the  same  as  would  be  seen  if  viewed  in  the  normal  way 
with  continuous  illumination.  Figure  2b  shows  the 
bubble  domains  after  the  application  of  a  -75  Oe, 

3  ysec  pulse.  A  slight  instability  in  the  bubble  wall 
shape 


Fig.  2.  Transient  bubble  domain  shapes  in  ion- 
implanted  garnet  material  before,  during,  and  after 
the  application  of  a  field  pulse  that  expands  the 
bubble,  a)  Equilibrium  bubble  domains  with  a  bias 
field  of  80  Oe;  b)  3  ysec  after  the  application  of 
a  -75  Oe  pulse  to  expand  the  bubble;  c)  1  ysec  after 
the  end  of  the  3  ysec  pulse  in  b;  d)  2  ysec  after 
the  field  pulse  in  b;  e)  3  ysec  after  the  application 
of  a  -33  Oe  pulse  to  expand  the  bubbles;  f)  1  ysec 
after  the  3  ysec  pulse  in  e. 

has  developed,  but  is  certainly  not  very  severe.  The 
instability  seems  relatively  independent  of  bubble- 
bubble  interaction  since  the  bubble  on  the  left,  which 
is  relatively  alone,  has  essentially  the  same  shape  as 
the  one  in  the  upper  right  which  is  rather  closely 
packed  by  other  bubbles.  It  should  be  noted  that  even 
though  the  bubbles  at  this  time  look  rather  close,  were 
the  same  figure  observed  with  continuous  illumination, 
the  feeling  would  be  that  the  bubbles  were  clearly  well 
spaced  so  that  no  bubble-bubble  interaction  could  be 
had.  Figure  2c  shows  the  bubble  array  1  ysec  after  the 
end  of  the  pulse.  The  bubbles  have  clearly  become 
smaller  with  the  longest  dimension  reduced  by  about  20%. 
A  definite  instability  or  distortion  with  six-fold 
symmetry  is  evident.  Two  microseconds  after  the  end 
of  the  pulse  in  Fig.  2d,  the  instability  is  clearly 
evident  with  the  maximum  extent  of  the  bubble  hardly 
changed  during  last  microsecond.  At  3  ysec  after  the 
end  of  the  pulse,  not  shown  here,  the  bubbles  have 
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relaxed  to  a  dumbbell  shape  with  their  major  axis  about 
the  same  length  as  the  major  axis  for  the  bubbles  in 
Fig.  2d.  By  4  psec  after  the  end  of  the  pulse  the  nar¬ 
row  part  of  the  dumbbell  starts  to  fatten  with  the  maximum 
extent  of  the  bubble  about  7h  times  the  equilibrium  di¬ 
ameter.  Finally  by  5  psec  after  the  end  of  the  pulse, 
about  50%  of  the  bubbles  have  reached  their  equilibrium 
shape  with  some  of  them,  however,  still  ellipses  with 
the  major  axis  about  2  times  the  equilibrium  diameter. 

Figure  2e  shows  the  same  implanted  material  biased 
at  80  Oe  at  the  end  of  a  -33  Oe  3  psec  pulse  (the  ampli¬ 
tude  is  40%  less  than  the  pulse  that  was  used  for  Fig. 

2).  The  bubbles  have  been  pulsed  into  the  dumbbell 
shape  with  some  even  heading  to  a  three-fold  symmetry. 

The  protuberance  on  the  side  of  some  seems  to  vary 
randomly  with  each  pulse  from  one  side  to  the  other  and 
from  bubble  to  bubble.  The  maximum  extent  of  the 
bubble,  i.e.  the  length  of  its  major  axis,  is  the  same 
as  it  was  for  the  higher  drive.  Figure  2f  shows  the 
array  1  psec  after  the  end  of  the  -33  Oe,  3  psec  pulse. 

The  shape  is  stripe-like  in  most  cases  with  the  maximum 
extent  about  the  same  as  at  the  end  of  the  pulse.  The 
protuberance  on  some  bubbles  seems  to  vary  at  random 
from  pulse  to  pulse  and  bubble  to  bubble.  At  2  psec 
after  the  end  of  the  pulse,  not  shown,  all  of  the  bub¬ 
bles  are  uniform  stripes  about  2/3  the  length  of  the 
straight  stripes  of  Fig.  2f  and  by  3  psec  they  are  all 
dumbbells  at  about  half  the  length  of  the  straight  stripe 
in  Fig.  2f. 

Bubble  expansion  in  non-implanted  material  can  be 
seen  in  Fig.  3.  The  equilibrium  bubble  size  can  be  seen 
in  Fig.  3a  with  a  84.5  Oe  bias  field  quite  close  to 
bubble  collapse.  Figure  3b  is  after  the  application  of 
a  very  high  field  pulse  (-132  Oe)  to  increase  the  size 
of  the  bubbles.  It  can  be  seen  that  the  bubbles  have 
become  greatly  enlarged  but  are  preserving  their  shape: 
only  a  slight  elliptical  distortion  seems  to  exist. 

Figure  3c  shows  the  bubbles  after  3  psec.  They  are  still 
generally  elliptical.  The  effect  of  bubble-bubble 
interaction  can  be  seen  distorting  the  shape  of  one  of 
the  bubbles  on  the  right  side  of  the  figure.  It  is 
surprising  how  very  close  the  bubbles  must  be  before 
interaction  seems  to  affect  the  shape  very  much.  The 
same  sample  pushed  at  a  lower  amplitude  (-66  Oe)  can  be 
seen  after  1  psec  of  the  expanding  pulse  in  Fig.  3d.  At 
this  lower  drive,  even  the  first  microsecond  seems  to 
establish  an  elliptic  distortion.  Also  it  can  be  seen 
that  the  bubbles  are  at  least  three  different  sizes. 

The  lower  center  and  upper  center  bubbles  are  "harder" 
whereas  the  right  central  one  is  "medium  hard"  and  left 
central  is  "soft".  This  distribution  of  bubble  sizes 
is  much  more  evident  in  the  lower  drive  region.  Those 
bubbles  that  are  "hard"  were  confirmed  "hard"  by  static 
bubble  collapse.  Figure  3e  shows  the  array  after  2  psec 
of  the  -66  Oe  pulse.  It  is  interesting  to  compare  this 
array  with  Fig.  3b  which  is  the  same  time  at  twice  the 
drive.  Even  though  the  total  reversed  area  is  greater 
at  the  higher  drive,  the  maximum  extent,  i.e.  the  major 
axis  of  the  two  ellipses  in  Fig-.  3b  and  Fig.  3e  are  the 
same.  Again  in  Fig.  3e,  various  bubbles  expand  or  are 
affected  differently  by  the  drive  field.  By  3  psec  in 
Fig.  3f  the  bubbles  have  been  driven  clearly  into  a 
distorted  shape  of  four-fold  symmetry.  Again  the  major 
axis  of  these  bubbles  and  those  in  Fig.  3c  (at  twice 
the  drive)  is  essentially  the  same. 

Figure  4  shows  selected  times  during  the  relaxation 
of  the  bubbles  in  non-implanted  material  from  the  lower 
drive  state  seen  in  Fig.  3f  to  a  round  bubble  as  in  Fig. 

3a.  The  particular  photographs  have  been  chosen  to 
represent  generally  the  various  shapes  that  are  seen  as 
the  shapes  change  from  pulse  to  pulse.  In  an  effort  to 
save  space,  the  specific  frames  selected  have  been 
chosen  to  show  the  most  diversity  and  therefore  they  give 
the  impression  of  more  randomness  than  is  the  actual 
case.  In  Fig.  4a,  200  nsec  after  the  end  of  the  pulse, 
the  shapes  seen  are  essentially  those  seen  at  the  end  of 


Fig.  3.  Transient  bubble  domain  shapes  in  non- 
implanted  garnet  material  before  and  during  the 
application  of  a  field  pulse  to  expand  the  bubble, 
a)  Equilibrium  array  with  a  84.5  bias  field  (bubble 
collapse  86.1  Oe);  b)  After  the  application  of  a 
-132  Oe  pulse  field  for  2  psec;  c)  3  psec;  d)  After 
the  application  of  a  -66  Oe  pulse  for  1  psec;  3)  2 
psec;  f)  3  psec. 

the  pulse  with  a  slight  increase  predominance  of  the 
five-fold  symmetry.  The  maximum  extent  of  the  bubbles 
has  not  changed  although  the  necking  down  of  the 
appendages  is  clearly  evident.  For  the  first  4  psec 
after  the  end  of  the  pulse  the  principal  change  is  the 
continued  necking  down  of  the  appendages  though  the 
length  of  major  axis  of  the  bubbles  remain  essentially 
constant. 

The  most  rapid  shape  change  occurs  during  the  first 
one  and  a  half  microseconds  after  the  end  of  the  pulse 
as  seen  in  Fig.  4  a-d.  Some  bubble-bubble  interaction 
is  indicated  as  in  the  right  side  of  Fig.  4a  and  b  at 
this  time,  but,  as  previously  seen  the  bubbles  get 
remarkably  close  before  their  interaction  can  be 
noticed.  "Harder"  bubbles  are  seen  in  Figs.  4b  and  c. 
Symmetry  and  shape  are  clearly  important.  During  the 
relaxation  time  from  1.5  psec  in  Fig.  4d  to  4  psec  in 
Fig.  4e,  the  globs  on  the  end  of  the  appendages  dis¬ 
appear  and  some  of  the  appendages  disappear  leaving  the 
stripe  shape,  which  is  clearly  longer  than  the  maximum 
to  which  the  bubbles  were  pulsed  (Fig.  3f),  by  Fig.  4e. 
Figure  4f,  taken  7  psec  after  the  end  of  the  pulse,  was 
chosen  as  an  example  of  when  the  stripes  begin  to 
become  shorter.  About  half  of  the  stripes  are  clearly 
shorter  than  they  were  at  the  time  of  Fig.  4e.  Another 
5  psec  is  required  for  most  of  the  bubbles  to  become 
round  again. 
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Fig.  4.  Transient  bubble  domain  shape  in  non- 
implanted  garnet  material  as  the  bubbles  relax  back 
to  their  equilibrium  size  after  being  expanded  as 
in  Fig.  3f.  The  bias  field  is  84.5  Oe;  bubble 
collapse  field  is  86.1  Oe.  Time  after  the  termin¬ 
ation  of  the  3  sec,  -33  Oe  pulse;  a)  0.2  ysec, 
b)  0.5  ysec,  c)  0.7  ysec,  d)  1.5  ysec,  e)  4  ysec, 
f)  7  ysec. 

Figure  5  shows  a  sequence  of  6  frames  selected 
from  many  frames  at  the  end  of  a  3  ysec,  54.5  Oe  pulse 
applied  to  non-implanted  material.  This  sequence  was 
selected  because  it  shows  how  the  bubbles  can  change 
their  character  from  one  pulse  to  the  next.  By 
following  the  bubbles  through  the  sequence  of  each  of 
the  six  pictures  it  can  be  seen  that  some,  such  as  one 
in  the  very  center  of  the  picture,  have  a  hard  time 
deciding  to  be  "soft"  but  finally  make  it  by  the  end 
of  the  sequence.  Others,  such  as  the  one  in  the  upper 
right  side,  are  "soft"  and  become,  after  some 
indecision,  "hard"  by  the  end  of  the  sequence.  It 
should  be  realized  that  this  group  of  six  was  selected 
from  a  large  group  and  is  a  particularly  active 
sequence  but  represents  clearly  the  kind  of  changes 
that  seem  to  go  on  from  pulse  to  pulse  at  this 
particular  drive. 

CONCLUSION 

This  preliminary  survey  has  shown  that  the  tran¬ 
sient  dynamic  domain  configuration  of  stripes  and 
bubbles  show  many  more  distortions  and  instabilities 
than  previously  expected.  Instabilities  in  stripe 
domains  generated  by  driving  the  stripe  wider,  shown 
here  in  implanted  materials,  have  at  least  three 
characteristic  shapes  and  vary  seemingly  at  random  along 
a  stripe  and  from  pulse  to  pulse.  Upon  removal  of  the 
widening  pulse,  the  instability  seems  to  become  more 
extreme  for  the  first  few  microseconds  as  the  stripe 
attempts  to  return  to  its  stable  state.  Transient 


Fig.  5.  Transient  bubble  domain  configuration  in 
garnet  material  biased  at  84.8  Oe  after  the  appli¬ 
cation  of  a  3  ysec,  -54.5  Oe  pulse  to  expand  the 
bubble.  These  six  frames  are  from  a  series  taken 
1  ysec  after  the  end  of  the  pulse.  The  series  was 
selected  to  show  dynamic  conversion. 

distortions  were  also  observed  on  bubble  domains  in 
both  implanted  and  non-implanted  material .  The  dis¬ 
tortions  occur  both  when  the  bubble  is  expanded  and 
also  upon  relaxation.  Even  though  the  cause  of  these 
instabilities  and  distortions  is  uncertain  at  this 
time,  it  is  clear  that  they  must  be  carefully  con¬ 
sidered  when  interpreting  bubble  dynamics  experiments, 
especially  wall  velocity  and  bubble  collapse  experi¬ 
ments. 
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Issued  U.S.  Patents  on 
Bubble  Domain  Devices 


3,079,240,  filed  5/13/60,  issued  2/26/63 
J .  P .  Remeika 

"Process  of  Growing  Single  Crystals" 

This  invention  relates  to  a  method  of  growing 
single  crystals  of  synthetic  garnet,  orthoferrites 
and  ferrites  in  a  flux  comprising  lead  oxide  and 
boron  oxide. 

3,438,692,  filed  3/8/65,  issued  4/15/69 
W.  J.  Tabor 

"Birefringent  Device  for  Forming  Multiple  Images" 

A  plurality  of  birefringent  crystals  are  arranged 
in  fixed  orientations  with  respect  to  one  another  along 
an  optical  path.  The  arrangement  functions  as  a  fly's- 
eye  lens  for  monochromatic  inputs  thereto.  An 
arrangement  including  polarization  rotators  between 
adjacent  crystals  is  also  described. 


3,454,939,  filed  9/16/66,  issued  7/8/69 
P.  C.  Michaelis 

"Magnetic  Domain  Propagation  Device" 

A  multidimensional  shift  register  is  achieved  in 
a  single  film  of  anisotropic  magnetic  material  by 
means  of  the  controlled  movement  of  a  self-bounded 
reverse-magnetized  domain  in  the  plane  of  the  film. 

Such  a  domain  is  free  to  move  along  either  the  hard  or 
easy  axis  of  the  film  in  the  absence  of  uncontrolled 
expansion  along  the  nonselected  axis. 

3,460,116,  filed  9/16/66,  issued  8/5/69 

A.  H.  Bobeck,  U.  F.  Gianola,  R.  C.  Sherwood,  and 

W.  Shockley 

"Magnetic  Domain  Propagation  Circuit" 

A  two-dimensional  shift  register  is  realized  in  a 
single  sheet  of  magnetic  material  by  defining  self- 
bounded  (single  wall)  reverse-magnetized  domains  free 
to  move  in  any  direction  in  the  sheet.  A  simple 
arrangement  for  the  propagation  of  the  domains  is  made 
possible  by  the  use  of  a  material  having  substantially 
isotropic  properties  in  the  plane  of  the  sheet  and  a 
preferred  direction  of  magnetization  out  of  that  plane. 


3,470,546,  filed  9/16/66,  issued  9/30/69 
A.  H.  Bobeck 

"Magnetic  Memory  Arrangement  Comprising  Domain 
Wall  Propagation  Channels" 

Single  wall  domain  propagation  channels  are  here¬ 
in  adapted  to  provide  a  memory  array.  A  matrix  of  two 
position  bit  locations  is  operated  on  a  random-axis 
basis  to  move  domains  selectively  between  the  two 
positions  at  each  location. 


3,470,547,  filed  9/16/66,  issued  9/30/69 
A.  H.  Bobeck 

"Switching  Crosspoint  Arrangement" 

A  selected  one  of  a  matrix  of  cr^osspoints  defined 
by  X  and  Y  oriented  conductors  can  be  closed  by  pinching 
the  wires  together  at  the  selected  location.  The 
movement  of  a  magnetic  domain  associated  with  a  Y 
conductor  at  each  crosspoint  controls  the  attraction 
of  a  magnet  associated  with  the  X  conductor  at  each 
crosspoint. 

3,471,840,  filed  9/16/66,  issued  10/7/69 
A.  H.  Bobeck 

"NDRO  of  Single  Domain  Walls  in  a  Magnetic  Sheet  Memory" 

Nondestructive  readout  of  single  wall  domains  is 
permitted  by  the  characteristic  of  such  domains  to 
return  to  a  stable  size  once  contracted.  A  word- 
organized  memory  in  which  the  domains  are  shuttled 
between  first  and  second  associated  positions  for 
detection  in  this  mode  is  described. 


3,479,654,  filed  5/16/66,  issued  11/18/69 
A.  H.  Bobeck  and  J.  L.  Smith 

"Domain  Propagation  Media  Organized  for  Repertory 
Dialer  Operation" 

Domain  propagation  media  are  organized  for 
repertory  dialer  operation,  to  effect  writing  of  like 
information  into  an  input  area  of  each  medium  responsive 
to  each  input  signal.  The  information  so  stored  is 
subsequently  moved  into  a  storage  area  associated  with 
an  input  area  in  only  a  selected  medium.  Any  subsequent 
write  or  read  operation  clears  all  the  input  areas  of 
spurious  information.  The  arrangement  reduces 
accessing  requirements  making  the  organization 
attractive  for  small  memories. 


3,480,925,  filed  5/19/67,  issued  11/25/69 
P.  C.  Michaelis 

"Asynchronous  Magnetic  Circuit" 

Single  wall  reverse-magnetized  domains  have  been 
found  to  repel  one  another  as  do  like  charged  pith 
balls .  This  property  enables  a  sequence  of  domains , 
introduced  at  an  input  position,  to  be  moved  through 
a  medium  to  a  gate  position  at  which  the  passage  of  the 
foremost  domain  of  the  sequence  is  selectively 
inhibited.  Next  consecutive  domains  "queue  up"  on  the 
foremost  domain.  The  passage  of  the  foremost  domain, 
arid  subsequently,  of  next  consecutive  "foremost" 
domains,  to  a  detector  adjacent  the  gate  position  is 
controlled  by  the  gate  at  any  arbitrary  rate  different 
from  the  rate  at  which  the  domains  are  introduced.  A 
simple  asynchronous  circuit  is  provided. 


1 


663 


3.506.974,  filed  4/11/67,  issued  4/14/70 
R.  C.  LeCraw,  R.  C.  Sherwood,  and  R.  Wolfe 
"Magnetic  Memory  Implementation" 

Single  wall  (bubble)  domains  of  reverse  magneti¬ 
zation  are  written  into  a  magnetically  initialized 
sheet  of  orthoferrite  by  locally  raising  the  temperature 
of  the  sheet  to  a  characteristic  temperature  at  which 
flux  reorients  from  a  direction  normal  to  the  plane  of 
the  sheet  to  a  direction  in  the  plane  of  the  sheet  and 
by  providing  a  suitable  magnetic  field  in  a  direction 
normal  to  the  plane  of  the  sheet  as  the  temperature  is 
again  reduced.  A  proper  selection  of  the  magnetic 
material  permits  a  characteristic  temperature  control- 
lab  ly  close  to  the  ambient  temperature  enabling 
switching  in  the  absence  of  local  heating. 

3.506.975,  filed  6/7/67,  issued  4/14/70 
A.  H.  Bobeck,  and  R.  F.  Fischer 

"Conductor  Arrangement  for  Propagation  of  Single  Wall 
Domains  in  Magnetic  Sheets" 

Magnetic  memories  comprising  sheets  of  material 
in  which  single  wall,  reverse  magnetized  domains  are 
advanced  by  consecutively  offset  propagation  fields 
are  potentially  capable  of  packing  densities  determined 
by  the  size  of  the  stable  domain  diameter.  It  has 
been  found,  however,  that  the  domain  diameter  can  be 
made  smaller  than  can  presently  available  compatible 
printed  propagation  drive  circuitry  which  provides 
the  propagation  fields  when  pulsed.  The  latter,  then, 
becomes  the  limiting  factor  in  packing  densities. 

The  disclosure  describes  an  improved  propagation  drive 
configuration  which  permits,  inter  alia,  fuller 
realization  of  the  packing  density  capabilities. 

3.508.221,  filed  8/30/67,  issued  4/21/70 
A.  A.  Thiele 

"Magnetic  Domain  Propagation  Sheet" 

Magnetic  devices  including  sheets  of  magnetic 
materials  in  which  single  wall  domains  are  moved  may 
be  operated  in  two  different  modes.  One  of  those  modes 
is  termed  the  "Bias-dominated"  mode  wherein  the  domains 
retain  a  stable  shape  during  operation.  Conditions 
for  optimizing  this  mode  of  operation  are  described. 

3.508.222,  filed  9/1/67,  issued  4/21/70 

A.  H.  Bobeck,  P.  C.  Michaelis,  and  W.  Shockley 
"Readout  Implementation  for  Magnetic  Memory" 

Magnetic  gain  is  realized  by  expanding  a  single 
wall  domain  into  a  relatively  large  area  of  magnetic 
material  encompassed  by  an  output  conductor  loop.  A 
repetitive  geometry  for  that  loop  not  only  enables 
modulated  signals  to  be  generated  in  the  loop  as  domains 
are  expanded  there,  but  also  permits  significantly 
increased  gain  when  a  domain,  once  expanded,  is  later 
collapsed  within  the  loops. 

3,508,225,  filed  11/22/67,  issued  4/21/70 
J.  L.  Smith 

"Memory  Device  Employing  a  Propagation  Medium" 

A  memory  arrangement  comprising  a  plurality  of 
propagation  channels  is  described.  The  channels  fan-in 
to  a  common  "recirculating"  channel  at  both  input  and 
output  ends.  Each  propagation  channel  serves  as  an 
information  storage  location.  Write  and  read  operations 
are  carried  out  by  means  of  write  and  read  windings 
coupled  to  the  common  channel.  Information  is  moved 
to  the  common  channel  for  a  read  or  write  operation 
by  advancing  information  in  the  common  channel  and 
in  the  selected  storage  channel.  The  arrangement 
requires  very  few  lead  connections  and  is  characterized 
by  a  high  signal-to-noise  ratio. 


3,513,452,  filed  10/12/67,  issued  5/19/70 
A.  H.  Bobeck,  E.  Della  Torre,  and  A.  A.  Thiele 
"Single  Domain  Wall  Propagation  in  Magnetic  Sheets" 

Artificial  impedances  to  domain  motion  are  provided 
in  a  sheet  of  magnetic  material  in  which  single  wall 
domains  are  moved.  The  impedances  are  arranged  to 
define  two-position  locations  within  which  each  domain 
in  the  sheet  can  be  moved.  An  impedance  between  the 
two  positions  of  each  location  for  each  domain  permits 
memory  operation  on  a  threshold  basis. 

3,515,456,  filed  8/31/67,  issued  6/2/70 
W.  J.  Tabor 

"Optical  Readout  Implementation" 

The  presence  and  absence  of  a  single  wall  domain 
in  a  magnetic  sheet  can  be  detected  by  Faraday  rotation. 
The  contrast  between  the  light  transmitted  through  the 
sheet  when  a  domain  is  present  as  compared  to  that 
transmitted  when  a  domain  is  absent  is  maximized,  in 
accordance  with  this  invention,  when  the  thickness  T 
of  the  sheet  of  material  is  selected  such  that 

T  -  »+(i) « 

where  6  is  the  thickness  for  providing  2tt  retardation 
between  the  a  and  b  directions  of  the  polarization 
vector  of  the  light  and  n  is  a  whole  number. 

3,516,077,  filed  5/28/68,  issued  6/2/70 
A.  H.  Bobeck,  E.  Della  Torre,  and  H.  E.  D.  Scovil 
"Magnetic  Propagation  Device  Wherein  Pole  Patterns 
Move  Along  the  Periphery  of  Magnetic  Disks" 

Patterns  of  magnetic  material  contiguous  the  surface 
of  a  sheet  of  material  in  which  single  wall  domains  can 
be  propagated  have  been  found  to  provide  magnetic  pole 
patterns  which  change  in  response  to  a  field  rotating 
in  the  plane  of  the  sheet.  The  changing  pole  patterns 
provide  attracting  propagation  fields  for  moving  single 
wall  domains  in  the  sheet  from  input  to  output  positions 
thus  permitting  shift  register  operation  in  the  absence 
of  discrete  propagation  conductors.  An  arrangement 
wherein  the  pole  patterns  move  along  the  periphery 
of  magnetic  disks  is  described.  Next  adjacent  disks 
are  disposed  on  opposite  surfaces  of  the  sheet  and 
domains  are  guided  for  movement  along  the  periphery  of 
the  disks  by  a  magnetic  guide  line.  Domain  propagation 
in  only  selected  propagation  channels  is  achieved  by 
providing  disks  of  different  geometry  in  each  channel 
for  regulating  the  pole  strengths  in  response  to  the 
rotating  fields. 

3,518,643,  filed  5/3/68,  issued  6/30/70 
A.  J.  Perneski 

"Magnetic  Domain  Propagation  Arrangement" 

The  propagation,  in  a  magnetic  sheet,  of  single 
wall  domains  of  essentially  constant  diameter  is 
realized  in  response  to  magnetic  fields  rotating  in 
the  plane  of  the  sheet.  Propagation  channels  for 
domains  are  defined  in  the  sheet  by  overlays  of 
repetitive  geometries  in  which  pole  patterns  change 
in  response  to  the  rotating  field  in  a  manner  to 
attract  domains  along  respective  channels.  Domains 
may  be  moved,  in  the  absence  of  propagation  wiring, 
in  only  selected  channels  by  controlling  the  magnitude 
of  a  field  in  the  plane  of  the  sheet  in  the  direction 
of  propagation. 

3,523,286,  filed  8/12/68,  issued  8/4/70 

A.  H.  Bobeck  and  E.  Della  Torre 

"Magnetic  Single  Wall  Domain  Propagation  Device" 

The  propagation  of  single  wall  domains  along  a 
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selected  one  of  two  intersecting  propagation  channels 
may  be  made  to  depend  on  the  size  of  the  domain  at  the 
intersection..  Embodiments  are  described  where  domain 
propagation  is  carried  out  with  alternation  of  domain 
size  and,  alternatively,  with  a  constant  domain  size. 

3,526,883,  filed  10/9/68,  issued  9/1/70 
W.  J.  Tabor 

"Magnetic  Domain  Display  Device" 

Concentric  rings  of  magnetically  soft  material 
define  stable  positions  for  a  single  wall  domain  in 
a  storage  position  in  an  underlying’ magnetic  sheet. 

The  smallest  ring  is  covered  by  an  opaque  disk  to 
extinguish  polarized  light  passed  by  the  domain  when 
its  size  corresponds  to  that  of  the  smallest  ring.  An 
array  of  such  storage  positions  forms  a  simple  optical 
display. 

3,529,303,  filed  11/12/68,  issued  9/15/70 
A.  H.~ Bobeck 

"Domain  Propagation  Arrangement" 

An  external  means  for  supplying  a  bias  field  of 
a  polarity  to  contract  single  wall  domains  employed 
to  insure  the  stability  of  single  wall  domains  in  some 
orthoferrite  sheets  has  been  found  to  be  unnecessary 
if  the  surface  layers  of  the  sheet  are  prepared  so 
that  those  surfaces  are  permanently  magnetized  normal 
to  the  sheet  and  exchange-coupled  to  the  body  of  the 
sheet. 

3,530,444,  filed  4/1/68,  issued  9/22/70 

A.  H.  Bobeck,  E.  Della  Torre,  and  H.  E.  D.  Scovil 

"Domain  Propagation  Device" 

Patterns  of  high  permeability  wedges  contiguous  to 
orthoferrite  sheet  define  in  the  sheet  unidirectional 
channels  for  single  wall  domain  movement  in  response  to 
the  alternating  expansion  and  contraction  of  domains. 
The  expansion  and  contraction  of  domains  is  produced 
by  varying  currents  in  hairpin  conductors  each  encom¬ 
passing  a  selected  wedge  pattern.  Domain  movement  in 
only  the  selected  channel  results.  Selected  movement 
of  domains  in  X  and  Y  directions  in  the  sheet  is 
enabled. 

3,530,446,  filed  9/22/68,  issued  9/2/70 
A.  J.  Perneski 

"Magnetic  Domain  Fanout  Circuit" 

A  single  wall  domain  is  advanced  in  a  sheet  of 
magnetic  material  by  means  of  moving  pole  patterns  in 
magnetically  soft  overlays  contiguous  the  sheet.  The 
domain  can  be  made  to  move  along  a  selected  one  of  first 
and  second  intersecting  propagation  channels  defined  by 
those  overlays  respectively  by  first  and  second 
modifications  in  a  rotating  transverse  field  generating 
those  patterns  when  the  domain  is  in  the  intersection 
between  the  channels. 

3,534,341,  filed  11/28/67,  issued  10/13/70 
R.  C.  Sherwood  and  A.  A.  Thiele 

"Domain  Propagation  Device  with  High  Domain  Mobility" 

Single  wall  domain  propagation  devices,  in  which 
domains  of  specified  diameter  are  propagated,  are  shown 
to  be  characterized  by  high  domain  mobility  if  the  ratio 
of  the  diameter  of  the  domain  to  the  width  of  the  domain 
wall  encompassing  that  domain  is  made  low. 

3,534,346,  filed  5/28/68,  issued  10/13/70 
A.  H.  Bobeck 

"Magnetic  Domain  Propagation  Arrangement" 

A  single  wall  domain  is  propagated,  in  a  sheet 
of  magnetic  material,  along  an  axis  aligned  with  a 


single  conductor  in  which  a  current  signal  flows. 

A  channel  of  propagation  for  the  domain  is  defined 
by  a  soft  magnetic  overlay  which  has  a  zig-zag  con¬ 
figuration  defining  stable  positions  for  domains 
alternative  ones  of  which  are  on  opposite  sides 
of  the  conductor.  The  positions  to  one  side  of  the 
conductor  are  stable  domain  positions  for  one 
polarity  of  current;  the  positions  to  the  other 
side  are  stable  domain  positions  for  the  opposite 
polarity  of  current.  Directionality  of  domain 
movement  is  provided  by  asymmetry  in  the  overlay 
pattern  or  by  a  directional  field  in  the  plane  of 
the  sheet.  A  uniform  bias  field  maintains  the 
domains  at  a  prescribed  diameter.  Shift  register 
operation  is  achieved  in  the  absence  of  discrete 
propagation  conductors. 

3,534,347,  filed  5/28/68,  issued  10/13/70 
A.  H.  Bobeck 

"Single  Wall  Domain  Propagation  Arrangement" 

Patterns  of  magnetic  material  contiguous  the  sur¬ 
face  of  a  sheet  of  material  in  which  single  wall 
domains  can  be  propagated  have  been  found  to  provide 
magnetic  pole  patterns  which  change  in  response  to  a 
field  rotating  through  360  degrees  in  the  plane  of 
the  sheet.  The  changing  pole  pattern  provides  attrac¬ 
ting  propagation  fields  for  moving  single  wall  domains 
in  the  sheet  from  input  to  output  positions  thus  per¬ 
mitting  shift  register  operation  in  the  absence  of 
discrete  propagation  conductors. 


3,540,019,  filed  3/4/68,  issued  11/10/70 
A.  H.  Bobeck  and  R.  F.  Fischer 
"Single  Wall  Domain  Device" 

Propagation  of  single  wall  domains  iri  a  sheet  of 
magnetic  material  is  achieved  in  the  absence  of  multi¬ 
phase  propagation  wiring.  Unidirectional  movement  of 
domains  along  propagation  channels  in  a  magnetic  sheet 
is  effected  by  a  superimposed  magnetic  layer  patterned 
to  convert  alternate  expansion  and  contraction  of 
domains  into  translation  along  prescribed  axes.  Prop¬ 
agation  is  powered  by  a  modulated  bias  field  in  one 
alternation  of  which  all  domains  in  the  sheet  first 
expand  and  then  contract. 

3,540,021,  filed  8/1/68,  issued  11/10/70 

A.  H.  Bobeck,  R.  F.  Fischer,  and  H.  E.  D.  Scovil 

"Inverted  Mode  Domain  Propagation  Device" 

A  single  wall  domain  propagation  device  operating 
in  an  inverted  mode  is  described.  Information  is 
represented  as  the  presence  and  absence  of  interdomain 
spacings  which  are  useful  over  a  range  of  operating 
parameters  different  from  the  range  over  which  single 
wall  domains  are  useful.  The  different  operating 
parameters  permit  the  use  of  more  readily  available 
magnetic  materials  which  are  relatively  easy  to  tailor 
to  device  requirements  for  information  propagation. 

3,541,522,  filed  8/2/67,  issued  11/17/70 
A.  H.  Bobeck,  H.  E.  D.  Scovil,  and  W.  Shockley 
"Magnetic  Logic  Arrangement" 

The  movement  of  single  wall,  reverse-magnetized 
domains  in  an  otherwise  magnetically  saturated  sheet  of 
magnetic  material  and  the  interactions  between  adajacent 
domains  in  that  sheet  not  only  permit  logic  operations 
to  be  performed  in  a  simple  manner  but  also  permit  the 
multidimensional  interconnection  of  cells  in  which  those 
operations  are  performed.  The  use  of  such  logic 
operations  in  a  content  addressable  memory  context 
is  described. 
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3.541.534,  filed  10/28/68,  issued  11/17/70 
A.  H.  Bobeck  and  U.  F.  Gianola 
"Magnetic  Domain  Propagation  Arrangement" 

A  propagation  channel  for  single  wall  domains  is 
defined  in  a  sheet  of  magnetic  material  by  aligned 
chevron- shaped  overlay  patterns.  A  domain  is  propa¬ 
gated  between  the  apex  of  each  chevron  and  a  first 
or  second  terminal  position  of  that  chevron  depending 
on  whether  a  zero  or  a  one  is  stored.  The  position 
to  which  a  domain  in  one  chevron  can  be  moved  is 
determined  by  the  terminal  position  occupied  by  a 
domain  in  the  next  preceding  chevron.  In  this  manner, 
the  interaction  between  neighboring  domains  is  propa¬ 
gated  rather  than  the  domain  itself. 

3.541.535,  filed  10/18/68,  issued  11/17/70 
A.  J.  Perneski 

"Domain  Propagation  Arrangement  Having  Repetitive 
Patterns  of  Overlay  Material  of  Different  Coercive 
Forces" 

An  arrangement  for  moving  single  wall  domains  in 
a  sheet  of  magnetic  material  employs  magnetic  overlays 
of  different  coercive  forces.  The  overlays  respond 
to  changing  in-plane  fields  for  generating  magnetic 
pole  patterns  which  attract  single  wall  domains  to 
next  consecutive  positions  in  a  propagation  channel 
defined  by  the  overlays. 

3,543,252,  filed  9/17/68,  issued  11/24/70 

A.  J.  Perneski 

"Domain  Propagation  Arrangement" 

A  magnetic  field  rotating  in  the  plane  of  a 
magnetic  sheet  can  be  made  to  select  a  propagation 
channel  for  single  wall  domains  in  that  sheet  in  the 
absence  of  peripheral  conductors.  Each  of  a  plurality 
of  propagation  channels  is  defined  in  the  sheet  by  a 
different  pattern  of  magnetically  soft  overlays.  Each 
overlay  pattern  exhibits  a  different  moving  magnetic 
pole  configuration  in  response  to  the  rotating  field. 

The  field  is  typically  supplied  by  a  pulse  generator 
which  generates  a  field  at  consecutive  orientations  A, 

B,  C  and  D,  90  degrees  apart.  For  each  permutation  of 
the  sequence  of  fields  (i.e.,  ABDC  or  ADBC. . .etc.) , 
the  pole  configuration  is  only  a  selected  one  of  the 
plurality  of  channels  is  proper  for  domain  movement. 

3,543,255,  filed  6/18/69,  issued  11/24/70 
R.  H.  Morrow  and  A.  J.  Perneski 

"Single  Wall  Domain  Apparatus  Having  Intersecting 
Propagation  Channels" 

Propagation  channels  for  single  wall  domains  are 
defined  in  a  magnetic  sheet  by  magnetically  soft  over¬ 
lays  in  which  attracting  magnetic  poles  move  in  response 
to  reorienting  in-plane  fields.  Information  in  two 
channels  is  shown  to  pass  intersections  between  the 
channels  synchronously  without  destructive  interference 
if  the  intersection  is  properly  constructed. 

3,555,527,  filed  8/29/68,  issued  1/12/71 
A.  J.  Perneski 

"Domain  Propagation  Arrangement" 

A  single  wall  domain  can  be  made  to  divide  into  two 
by  stretching  the  domain  and  by  supplying  a  cutting  field 
conveniently  by  moving  one  end  of  the  domain  along  a 
path  back  towards  the  center  of  the  domain.  Input 
arrangements  are  described  in  which  this  operation  is 
carried  out  in  response  to  a  magnetic  field  rotating 
in  the  plane  of  a  sheet  in  which  such  domains  are 
formed. 


3,560,944,  filed  8/14/69,  issued  2/2/71 

A.  J.  Kurtzig 

"Faraday  Rotation  Device" 

Useful  Faraday  rotation  in  magnetic  birefringent 
crystals  is  shown  to  be  increased  if  incident  radiation 
propagates  in  the  plane  defined  by  the  magnetization  and 
the  optic  axis  of  the  crystal  in  a  direction  nonparallel 
to  the  magnetization. 

3,573,765,  filed  11/1/68,  issued  4/6/71 
A.  J.  Perneski 

"Domain  Propagation  Arrangement" 

A  read-only  domain  propagation  memory  is  realized  by 
appliqueing  magnetic  traps  for  single  wall  domains  along 
a  propagation  channel  for  such  domains.  The  traps  can 
be  defined  by  a  magnetically  soft  or  by  a  permanent 
magnet  overlay  arrangement  which  extracts  a  preset 
pattern  of  domains  from  the  propagation  channel  responsive 
to  a  control  signal.  The  overlays  are  removable  to 
permit  a  change  in  the  domain  pattern. 

3,577,131,  filed  1/30/69,  issued  5/4/71 
R.  H.  Morrow 

"Domain  Propagation  Arrangement" 

Interactions  between  single  wall  domains  permit 
logic  operations  to  be  realized  in  magnetic  sheets  in 
which  such  domains  are  moved.  Magnetically  soft  overlay 
patterns  not  only  define  propagation  channels  for  such 
domains  in  response  to  magnetic  fields  reorienting  in 
the  plane  of  the  sheet  but  also  define  channel  inter¬ 
sections  where  logic  functions  are  carried  out.  Domains 
are  idled  or,  alternatively,  in  direction  at  those 
intersections  depending  on  the  positions  of  preceding 
domains.  A  variety  of  counter  circuits  are  described. 

3,585,614,  filed  5/23/69,  issued  6/15/71 
W.  J.  Tabor 

"Faraday  Effect  Readout  of  Magnetic  Domains  in  Magnetic 
Materials  Exhibiting  Birefringence" 

A  plurality  of  layers  of  magnetic  birefringent 
material  exhibiting  Faraday  rotation  changes  the 
periodic  effect  of  birefringence  on  that  rotation, 
characteristic  of  a  single  layer  of  such  material, 
into  a  continual  enhancement  of  Faraday  rotation  if  each 
of  those  layers  is  less  than  a  critical  thickness  and 
if  adjacent  layers  are  oriented  at  about  90°  with  respect 
to  one  another.  Optical  readout  of  single  wall  domain 
propagation  devices  is  improved  by  arranging  at  least 
a  readout  position  accordingly. 

3,596,261,  filed  11/17/69,  issued  7/27/71 
A.  J.  Perneski 

"Single  Wall  Domain  Switching  Arrangement" 

A  single  wall  domain  propagation  arrangement  where¬ 
in  magnetically  soft  overlays  define  propagation 
channels  in  a  sheet  of  magnetic  material  in  response 
to  a  reorienting  in-plane  field  is  adapted  herein  for 
providing  a  "coincident-domain"  memory.  The  overlay 
at  each  bit  location  of  the  memory  is  structured  to 
serve  the  function  of  a  latching  switch.  A  domain 
pattern  advanced  along  one  of  coordinate  domain  propa^ 
gation  accessing  channels  is  rerouted  to  the 
coordinate  channel  when  the  associated  switch  is  closed. 

3,597,748,  filed  10/16/69,  issued  8/3/71 
P .  I .  Bonyhard ,  D .  E .  Kish ,  and  J .  L .  Smith 
"Domain  Propagation  Arrangement" 

Single  wall  domains  are  moved  in  a  slice  of 
magnetic  material  by  magnetically  soft  overlay  patterns 
on  both  surfaces  of  the  slice.  The  overlays  are  shaped 


666 


alike  and  are  off-set  one  from  the  other  along  the 
axis  of  domain  movement  so  that  each  provides  pole 
patterns  to  attract  a  domain  to  the  same  consecutive 
positions  as  a  magnetic  field  reorients  in  the  plane 
of  the  slice. 

3,599,190,  filed  11/20/69,  issued  8/10/71 
J.  L.  Smith 

"Magnetic  Domain  Logic  Arrangement" 

Single  wall  domains  are  moved  in  a  sheet  of  magnetic 
material  along  paths  defined  by  pole  patterns  in  mag¬ 
netically  soft  overlays  in  response  to  reorienting 
magnetic  fields  in  the  plane  of  the  sheet.  The  direction 
in  which  domains  move  is  determined  by  the  magnetic 
state  of  high  coercive  force  material  adjacent  selected 
portions  of  the  overlay  for  selectively  modifying  pole 
patterns. 


a  class  of  magnetic  devices  in  which  information 
is  represented  by  enclosed  single  domain  regions  of 
polarity  opposite  to  that  of  immediately  surrounding 
material. 

3,613,058,  filed  11/20/69,  issued  10/12/71 
P.  I.  Bonyhard,  D.  E.  Kish,  and  J.  L.  Smith 
"Magnetic  Domain  Propagation  Arrangement" 

Single  wall  domain  propagation  circuits  include 
herein  both  magnetically  soft  overlays  which  define 
propagation  paths  along  which  domains  move  in  response 
to  reorienting  in-plane  fields  and  electrical  conductors 
which  act  on  magnetically  hard  regions  in  the  overlay, 
when  pulsed,  to  modify  locally  pole  patterns  generated 
by  the  in-plane  fields.  An  organization  in  which 
domains  are  moved  in  a  manner  to  eliminate  unwanted 
effects  of  current  pulses  in  those  conductors  on 
stored  domain  patterns  is  described. 


3,602,911,  filed  12/23/69,  issued  8/31/71 
A.  J.  Kurtzig 

"Single  Wall  Magnetic  Domain  Propagation  Arrangement" 

Apparatus  for  moving  a  single  wall  domain  utilizing 
the  finite  mobility  of  the  domain  in  a  sheet  of  magnetic 
material  is  described.  The  domain  is  moved  by  changing 
pole  patterns  in  a  magnetically  soft  overlay  in  response 
to  alternate  slow  and  fast  reversals  of  the  in-plane 
field  component  aligned  with  the  direction  of  domain 
movement . 


3,603,939,  filed  7/30/69,  issued  9/7/71 

A.  H.  Bobeck,  H.  E.  D.  Scovil,  and  A.  A.  Thiele 

"Magnetic  Domain  Propagation  Arrangement" 


3,618,054,  filed  11/10/69,  issued  11/2/71 

P.  I.  Bonyhard,  U.  F.  Gianola,  and  A.  J.  Perneski 

"Magnetic  Domain  Storage  Organization" 

A  single  wall  domain  propagation  arrangement  herein 
includes  magnetically  soft  overlay  patterns  which  generate 
magnetic  poles  in  response  to  reorienting  inplane  fields  to 
move  domains  in  propagation  channels  defined  thereby. 

The  arrangement  is  organized  for  high  packing  density 
and  fast  access  by  providing  parallel  recirculating 
bit  channels  to  move  consecutive  binary  word  repre¬ 
sentations  to  a  common  recirculating  channel.  The 
common  channel  moves  the  word  to  a  common  read-write 
area.  Information  moves  synchronously  in  the  common 
channel,  as  well  as  in  the  parallel  channels, 
permitting  the  return  of  information  to  the  parallel 
channels  with  little  logic  circuitry. 


Optimum  size  of  single  wall  domains  in  a  magnetic 
sheet  is  reduced  by  applying  to  each  face  of  the  sheet 
a  high  permeability  overlay  of  prescribed  thickness. 
Increased  packing  densities  and  operating  margins 
result. 

3,609,720,  filed  12/8/69,  issued  9/28/71 
W.  Strauss 

"Magnetic  Domain  Detector" 

Single  wall  domains  are  moved  synchronously  in  a 
sheet  of  magnetic  material  along  channels  defined  by 
magnetically  soft  overlays  as  an  in-plane  magnetic 
field  reorients.  A  detector  is  described  which  includes 
as  an  integral  part  thereof  a  portion  of  the  overlay 
defining  the  propagation  channels. 


3,619,636,  filed  6/1/70,  issued  11/9/71 
W.  F.  Chow 

"Magnetic  Domain  Logic  Circuit" 

A  multiple  input  magnetic  domain  OR  circuit  is 
described.  The  circuit  is  defined  in  a  sheet  of  material 
in  which  single  wall  domains  can  be  moved  by  changing 
magnetic  pole  patterns  in  a  magnetically  soft  overlay. 

The  overlay  includes  a  common  element  which  serves  as 
a  terminus  for  a  number  of  domain  shift  registers.  The 
element  is  structured  to  accept  only  a  single  domain 
for  providing  an  output. 

3,623,034,  filed  5/18/70,  issued  11/23/71 

P .  I .  Bonyhard  and  I .  Danylchuk 

"Single  Wall  Domain  Fast  Transfer  Circuit" 


3,611,331,  filed  12/4/69,  issued  10/5/71  A  fast  transfer  circuit  for  single  wall  domains 

P.  I.  Bonyhard  .  ^  is  described.  The  circuit  comprises  a  succession  of 

’Single  Wall  Domain  Source"  recirculating  positions  defined  by  magnetically  soft 

overlays.  If  all  the  recirculating  positions  are 

An  improved  source  of  single  wall  domains  is  describee occupied  by  domains,  any  subsequent  information 
described  where  a  magnetically  soft  overlay  pattern  is  introduced  to  the  beginning  of  the  sequence  appears  at 
structured  to  stretch  a  domain  in  response  to  a  re-  the  end  of  the  sequence  more  quickly  than  a  domain 

orienting  field  in  the  plane  of  the  material  in  which  otherwise  moves  in  a  normal  propagation  mode  employing 
single  wall  domains  are  moved.  overlays.  Movement  of  domains  is  in  response  to  a 

rotating  in-plane  field  which  changes  the  positions 
3,613,056,  filed  4/20/70,  issued  10/12/71  of  domain-attracting  poles  in  the  overlay. 

A.  H.  Bobeck,  P.  H.  Schmidt,  E.  G.  Spencer, 

L.  G.  G.  Van  Uitert,  and  E.  M.  Walters 

"Magnetic  Devices  Utilizing  Garnet  Compositions"  3,631,413,  filed  6/24/70,  issued  12/28/71 

J.  A.  Copeland,  III 

Uniaxial  magnetic  anisotropy  in  supposedly  isotropic  "Magnetic  Domain  Propagation  Arrangement" 
garnet  compositions  is  found  to  be  related  to  growth 

direction  of  the  crystal.  Wafers  cut  from  crystalline  A  single  electrical  conductor  to  which  an  AC  signal 

sections,  selected  such  that  growth  direction  is  is  applied  causes  movement  of  a  single  wall  domain 

consistent  with  formation  of  but  a  single  211*  face,  therealong  in  a  substrate  of  magnetic  material  in  which 

are  usefully  incorporated  in  bubble  domain  devices  -  such  domains  can  be  moved. 
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3,633,185,  filed  5/22/70,  issued  1/4/72 

I.  Danylchuk 

"Single-Wall  Domain  Generator" 

A  magnetically  soft  overlay  element  on  a  material 
in  which  single-wall  domains  can  be  moved  is  designed 
to  generate  single-wall  domains  in  response  to  a 
magnetic  field  reorienting  in  the  plane  of  the  material. 
An  auxiliary  overlay  element  is  positioned  with  respect 
to  the  generator  to  allow  domain  interaction  to  enhance 
the  generator  margins. 

3,636,531,  filed  6/24/70,  issued  1/18/72 

J.  A.  Copeland,  III 

"Domain  Propagation  Arrangement" 

A  magnetically  soft  overlay  strip  defines  a  multi¬ 
position  shift  register  path  in  a  slice  of  material  in 
which  single-wall  domains  can  be  moved.  The  strip 
also  defines  a  stable  location  for  a  single-wall 
domain  to  either  side  thereof  for  each  position  in  the 
register.  Domains  are  moved  along  the  path  by  consec¬ 
utively  offset  fields  operative  simultaneously  to  both 
sides  of  the  strip,  thus  achieving  a  two-state  shift 
register. 

3.638.205,  filed  6/29/70,  issued  1/25/72 
J.  A.  Copeland,  III 

"Magnetic  Domain  Propagation  Arrangement" 

A  single  electrical  conductor  to  which  an  AC  signal 
is  applied  causes  oscillation  of  a  single  wall  domain 
in  a  substrate  of  magnetic  material  in  which  such 
domains  can  be  moved.  The  presence  of  a  DC  current 
in  auxiliary  conductors  to  either  side  converts  the 
oscillation  to  displacement  along  the  axis  of  the 
single  conductor.  A  reversal  of  the  polarity  of  the 
DC  currents  reverses  the  direction  of  displacement  of 
domains . 

3.638.206,  filed  5/8/70,  issued  1/25/72 
A.  A.  Thiele 

"Domain  Propagation  Arrangement" 

Single  wall  domains  are  moved  in  a  slice  of 
magnetic  material  by  changing  magnetic  pole  patterns 
in  a  soft  magnetic  overlay  in  response  to  a  magnetic 
field  reorienting  in  the  plane  of  the  slice.  Several 
overlay  geometries  are  described  for  achieving  improved 
operation  and  for  a  fuller  utilization  of  the  potential 
of  presently  available  photolithographic  techniques. 

3.638.207,  filed  11/17/69,  issued  1/25/72 
D.  H.  Smith  and  L.  G.  G.  Van  Uitert 
"Magnetic  Devices" 

Partial  substitution  of  small  amounts  of  cobalt 
in  a  class  of  materials,  sometimes  referred  to  as 
hexagonal  ferrites,  produces  marked  changes  in  anisotropy 
This,  in  turn,  results  in  an  increase  in  domain  wall 
mobility  or  in  other  characteristic  changes  of  device 
interest.  A  leading  class  of  such  devices  is  known 
as  "bubble"  or  single-wall  domain  devices . 


3,638,208,  filed  6/15/70,  issued  1/25/72 
W.  F.  Chow 

"Magnetic  Domain  Logic  Circuit" 

A  magnetic  domain  logic  circuit  is  realized  by 
designing  a  magnetically  soft  overlay  to  advance  domains 
along  a  first  or  second  channel  depending  on  domain 
interactions.  The  presence  or  absence  of  a  control 
domain  for  effecting  the  interaction  is  determined  by 
the  movement  of  a  single  control  domain. 


3,641,518,  filed  9/30/70,  issued  2/8/72 

J.  A.  Copeland,  III 

"Magnetic  Domain  Logic  Arrangement" 

A  single  wall  domain  logic  circuit  arrangement  is 
realized  by  a  pair  of  magnetically  soft  rails  on  the 
surface  of  a  material  in  which  domains  can  be  moved. 

The  distance  between  the  rails  is  reduced  over  a 
prescribed  portion  of  the  rails  to  define  a  position 
at  which  domains  moving  along  both  rails  interact. 

3,632,513,  filed  5/23/69,  issued  1/4/72 
F.  S.  Kaveggia 

"Chemical  Lapping  of  Yttrium  Aluminum" 

The  solution  used  to  chemically  lap  a  yttrium 
aluminum  garnet  crystal  to  produce  a  damage  free 
optically  flat  surface  comprises  a  reducing  organic 
acid,  a  dicarboxylic  acid  capable  of  forming  a  complex 
with  yttrium,  and  an  acid  capable  of  forming  an  alumi¬ 
num  salt. 

3,643,238,  filed  11/17/69,  issued  2/15/72 
A.  H.  Bobeck  and  L.  G.  G.  Van  Uitert 
"Magnetic  Devices" 

Local  cobalt  concentration  inhomogeneities  in 
bubble  domain  devices  make  possible  a  series  of  device 
designs  in  which  various  functions  are  expedited. 

These  functions  include  bubble  generation,  bubble 
replication,  bubble  positioning  and  various  logic 
functions.  The  exemplary  materials  are  uniaxial  rare 
earth  and  related  orthoferrites  in  which  small  amounts 
of  cobalt  reduce  anisotropy. 

3,644,908,  filed  6/29/70,  issued  2/22/72 
A.  H.  Bobeck 

"Domain-Propagation  Arrangement" 

An  arrangement  for  moving  single-wall  domains  is 
described  which  employs  an  in-plane  magnetic  field  to 
incline  a  domain  from  alignment  with  an  axis  of  pre¬ 
ferred  magnetization  of  the  material  in  which  it  is 
moved.  As  the  in-plane  field  reorients,  the  orientation 
of  the  inclination  changes.  The  changing  domain 
inclination  is  converted  to  domain  translation  along 
an  axis  defined  by  a  magnetic  overlay  in  which  a 
permanent  magnetic  pattern  is  printed. 

3,645,788,  filed  3/4/70,  issued  2/29/72 
J.  E.  Mee,  D.  M.  Heinz,  T.  N.  Hamilton, 

P.  J.  Besser,  and  G.  R.  Pulliam 

"Method  of  Forming  Multiple-Layer  Structures 

Including  Magnetic  Domains" 

A  composite  consisting  of  multiple-layer  structures, 
the  basic  structure  of  which  is  a  chemically  vapor- 
deposited  film  on  a  substrate  wafer,  disclosed  herein. 

The  film  is  of  such  material  appropriate  for  creating 
therein  single-wall  magnetic  domains  which  are  capable 
of  being  moved  about  in  predetermined  directions  within 
the  thickness  of  the  film  and  in  the  plane  of  the 
film.  Devices  are  adapted  to  the  film  for  sensing 
the  motion  of  these  domains  thereby  enabling  application 
of  these  structures  toward  circuits  which  may  be 
particularly  utilized  in  memory. or  logic  applications. 

A  complete  family  of  film  on  substrate  materials  are 
fabricated  through  a  unique  process,  one  of  the  steps 
of  the  process  relates  to  establishment  of  the  exact 
location  of  the  substrate  within  the  reactor  at  which 
deposition  of  the  film  upon  the  substrate  is  to  be  made 
in  order  to  obtain  the  desired  film  characteristics. 
Included  are  provisions  for  making  multiple  film  layers 
to  result  in  a  matrix  of  films  and  hence  a  multitude  of 
such  circuits.  Films  used  are  comprised  of  at  least 
three  and  four  elements. 
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3.646.529,  filed  4/20/70,  issued  2/29/72 

A.  H.  Bobeck,  D.  H.  Smith,  E.  G.  Spencer,  and 
L.  G.  G.  Van  Uitert 

"Magnetic  Devices  Utilizing  Garnet  Compositions" 

Magnetic  crystalline  materials  of  the  garnet 
structure  with  suitable  magnetic  moments  and  with  reduced 
temperature  dependence  of  magnetic  moment  are  advan¬ 
tageously  incorporated  in  devices  depending  for  their 
operation  on  "bubble"  domains. 

3.646.530,  filed  9/30/70,  issued  2/29/72 
W.  F.  Show 

"Input  Gate  Arrangement  for  Domain  Wall  Device" 

A  first  multistage  domain  shift  register,  of  the 
type  in  which  a  domain  is  moved  along  a  rail  which 
defines  the  register,  is  employed  in  an  input  gate 
arrangement  for  an  autonomous  line  scanner.  Information 
in  such  a  register  is  represented  by  a  domain  in  one  of 
two  possible  positions  laterally  displaced  with  respect 
to  one  another  to  a  first  and  second  side  of  the  rail  in 
each  stage.  A  second  rail  parallels  the  first  and  is 
responsive  to  input  (off-hook)  signals  to  determine  the 
lateral  positions  of  domains  there  for  interaction 
with  and  thus  for  determination  of  the  lateral  positions 
of  domains  in  the  first  register. 


3,648,260,  filed  11/17/69,  issued  3/7/72 

E.  M.  Gyorgy,  R.  C.  Sherwood,  and  L.  G.  G.  Van  Uitert 

"Magnetic  Devices" 


single  wall  domains  in  selected  locations  in  a  magnetic 
sheet,  such  as  orthoferrite  or  garnet  films.  A  bias 
(stabilizing)  magnetic  field  is  applied  normal  to  the 
magnetic  sheet  to  saturate  the  sheet  in  one  direction 
so  that  no  reversely  magnetized  domains  are  present  in 
the  storage  area.  A  localized  magnetic  field  normal 
to  the  magnetic  sheet  but  oppositely  directed  with 
respect  to  the  bias  field  is  then  created.  This 
localized  field  is  produced  by  the  action  of  an  in-plane 
field  and  a  bar  of  magnetic  material  on  the  sheet,  or 
by  a  small  current  loop.  The  bias  field  is  then 
reduced  until  a  domain  is  nucleated  at  the  site  of  the 
localized  field.  The  domain  will  nucleate  when  the 
net  reversely  directed  local  field  is  greater  than  the 
nucleation  field  H  at  that  location.  The  bias  field 
is  then  increased  to  regulate  the  diameter  of  the 
domain  produced.  Means  are  provided  to  create  a  vari¬ 
able  bias  field  normal  to  the  sheet  and  to  create  an 
oppositely  directed  variable  localized  field  at 
selected  locations  in  the  sheet. 

3,662,500,  filed  1/28/71,  issued  5/16/72 
E.  Mendel 

"Method  for  Polishing  Magnetic  Oxide  Materials" 

This  invention  relates  to  a  method  of  polishing 
magnetic  oxides  or  bubble  crystal  surfaces  to  a 
featureless  and  strain-free  condition.  The  method 
comprises  pre-polishing  or  lapping  with  a  suspension 
of  polycrystalline  garnets  to  a  conchoidal  condition 
followed  by  final  polishing  with  a  silicon  dioxide 
alkaline  slurry  under  polishing  pressure  not  in  ex¬ 
cess  of  about  20  psi. 


Partial  substitution  of  small  amounts  of  cobalt 
may  result  in  a  reduction  in  size  of  "bubble"  magnetic 
domains  in  a  variety  of  canted  antiferromagnetic  materials 
exemplified  by  rare  earth  orthoferrites.  The  reduction 
in  domain  size  is  ordinarily  accomplished  by  virtue  of 
a  shift  in  the  magnetic  reorientation  temperature, 
permitting  improved  device  operation  in  this  temperature 
region. 


3,651,496,  filed  10/1/70,  issued  3/21/72 
I.  Danylchuk  and  P.  C.  Michaelis 
"Magnetic  Domain  Multiple  Input  AND  Circuit" 


3,662,501,  filed  1/28/71,  issued  5/16/72 
E.  Mendel 

"Method  for  Polishing  Magnetic  Oxide  Materials" 

This  invention  relates  to  a  method  of  polishing 
magnetic  oxides  or  bubble  crystal  surfaces  to  a 
featureless  and  strain-free  condition.  The  method 
comprises  pre-polishing  or  lapping  with  a  suspension 
of  polycrystalline  garnets  to  a  conchoidal  condition 
followed  by  final  polishing  with  a  zirconium  oxide 
slurry  under  polishing  pressure  between  2  and  40  psi. 

3,665,427,  filed  4/20/70,  issued  5/23/72 


A  single  wall  domain,  multiple-input,  logical  AND 
circuit  is  defined  by  an  arrangement  of  magnetically 
soft  overlay  elements  adjacent  a  sheet  of  material  in 
which  the  domains  can  be  moved.  A  plurality  of 
propagation  channels  defined  by  the  overlay  elements 
include  an  orthogonal  channel  which  comprises  positions 
where  domains  are  merely  recirculated.  When  inter¬ 
rogated,  the  orthogonal  channel  provides  an  output  only 
when  all  the  idler  positions  are  occupied. 

3,653,010,  filed  11/12/70,  issued  3/28/72 

J.  A.  Copeland,  III 

"Magnetic  Domain  Logic  Arrangement" 

A  strip  of  magnetically  soft  material  of  proper 
geometry  defines  stable  positions  to  either  side  thereof 
for  single  wall  domains  moving  therealong  in  a  sheet 
of  magnetic  material.  An  opening  in  the  strip  has  been 
found  to  produce  an  inversion  function  and  an  opening  in 
two  strips  where  they  intersect  similarly  provides  a 
crossover  for  information  moving  along  the  rails. 

3,662,359,  filed  12/31/70,  issued  5/9/72 
E.  R.  Genovese 

"Method  and  Apparatus  for  Creation  of  Cylindrical, 

Single  Wall  Domains" 

A  method  and  apparatus  for  creation  of  cylindrical, 


A.  H.  Bobeck,  R.  C.  Sherwood,  and  L.  G.  G.  Van  Uitert 
"Magnetic  Devices  Utilizing  Garnet  Compositions" 

Rare  earth  iron  garnet  crystalline  materials 
magnetic  with  compositions  adjusted  so  as  to  lower 
magnetostriction  in  the  <111>  directions  are  advan¬ 
tageously  incorporated  in  devices  depending  for  their 
operation  on  "bubble"  domains. 

3,668,677,  filed  9/30/70,  issued  6/6/72 
J.  A.  Copeland,  III 

"Multilevel  Domain  Propagation  Arrangement" 

A  multilevel  coding  arrangement  for  a  multistage 
single  wall  domain  propagation  channel  is  provided  by 
a  number  of  parallel  magnetically  soft  rails  adjacent 
a  sheet  in  which  single  wall  domains  can  be  moved.  The 
rails  define  laterally  displaced  stable  positions  for 
the  domain,  n  rails  defining  n  +  2  domain  positions  in 
each  stage  in  the  domain  channel. 

3,670,313,  filed  3/22/71,  issued  6/13/72 
W.  F.  Beausoleil,  D.  T.  Brown,  and  E.  L.  Walker 
"Dynamically  Ordered  Magnetic  Bubble  Shift  Register 
Memory" 

This  specification  discloses  a  bubble  domain 
memory  in  which  data  is  arranged  for  immediacy  of 
access  in  accordance  with  its  last  use.  The  memory 
comprises  a  plurality  of  parallel  shift  registers  in 
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which  data  can  be  accessed  in  parallel.  In  other 
words,  each  of  the  shift  registers  contains  a  bit  of 
a  page  or  word  so  that  by  the  performance  of  one 
shifting  operation  all  of  the  bits  of  the  page  or 
word  can  be  accessed.  Data  in  each  shift  register  is 
arranged  in  its  order  of  last  use  so  that  the  access 
position  K  of  a  shift  register  having  K  bit  positions 
contains  the  last  bit  of  information  used  and  the 
position  K  -  1  preceding  the  access  position  K  in  the 
shift  register  contains  the  bit  of  data  used  just 
previously  to  the  data  in  the  access  position  K  and 
so  on.  In  these  shift  registers  the  shift  positions 
are  arranged  in  loops  for  shifting  the  data  between 
the  positions  of  the  shift  register.  Two  such  loops 
are  provided,  one  of  the  loops  contains  all  the  shift 
positions  so  that  data  in  any  position  in  the  shift 
register  can  be  shifted  into  the  access  position  K 
of  the  register  for  reading  or  writing.  The  other 
loop  contains  all  the  positions  of  the  shift  register 
but  the  access  position  K.  This  second  loop  is  for 
reordering  the  data  in  the  shift  register  in  order  of 
last  use  after  data  has  been  shifted  into  the  access 
position  K  for  reading  or  writing  by  the  first  loop. 

3,673,582,  filed  5/17/71,  issued  6/27/72 
R.  B.  Clover,  Jr. 

"Bubble  Domain  Sonic  Propagation  Device" 

A  single  wall  magnetic  domain  or  bubble  is  advanced 
in  a  sheet  of  magnetic  material  such  as  an  orthoferrite 
by  means  of  defining  member  of  anisotropic,  magneto- 
strictive  material  such  as  permalloy.  A  sonic  stress 
wave  propagated  through  the  permalloy  member  causes 
a  propagated  region  in  which  the  direction  of  magne¬ 
tization  in  the  permalloy  is  partially  rotated.  The 
propagated  region  of  rotated  magnetization  urges  the 
magnetic  bubble  in  the  same  direction  along  a  path  in 
the  orthoferrite. 

3.676.870,  filed  5/13/71,  issued  7/11/72 
A.  H.  Bobeck 

"Single  Wall  Domain  Transfer  Circuit" 

Single  wall  domains  are  moved  in  a  layer  of  a 
host  magnetic  material  in  response  to  magnetic  poles 
generated  in  channel  defining  elements  in  response  to 
a  magnetic  field  reorienting  in  the  plane  of  the  layer 
in  what  is  called  a  "field  access"  mode  of  operation. 
Domains  are  transferred  herein  between  channels,  so 
defined,  by  the  in-plane  field  when  the  originating  and 
receiving  positions  for  a  domain  at  each  transfer 
location  are  encompassed  by  a  conductor  loop  which,  when 
pulsed,  defines  a  magnetic  fence  about  the  positions. 

3.676.871,  filed  5/21/71,  issued  7/11/72 
J.  A.  Copeland,  III 

"Domain  Logic  Arrangement" 

A  single  wall  domain  logic  arrangement  is  defined 
by  a  serpentine  propagation  conductor  in  a  layer  of 
material  in  which  single  wall  domains  can  be  moved. 

The  conductor,  when  energized,  provides  a  drive  field 
for  domains  in  a  number  of  channels  between  a  plurality 
of  inputs  and  outputs.  The  arrangement  exhibits  a 
signal  at  outputs  determined  by  the  pattern  of  domains 
at  the  inputs. 

3.676.872,  filed  6/21/71,  issued  7/11/72 
R.  D.  Lock 

"Propagation  of  Magnetic  Bubble  Domains" 

Propagation  of  small  magnetic  bubble  domains  by 
larger  magnetic  bubble  domains.  Small  domains  —  called 
bubbles  —  can  be  propagated  singly  or  in  groups  under 
the  control  of  a  larger  bubble.  Control  is  easier  as 
conductor  patterns  can  be  larger  than  required  for  the 


small  bubbles.  Also  small  bubbles  of  a  size  which 
hitherto  have  proved  difficult  or  impossible  to  control 
can  be  controlled  by  use  of  the  invention. 


3,676,873,  filed  11/1/71,  issued  7/11/72 
F.  S.  Lee 

"Magnetic  Bubble  Crossover  Circuit" 

A  magnetic  bubble  crossover  circuit  is  provided 
in  which  the  circuit  paths  are  defined  by  an  array  of 
magnetic  elements  overlaying  a  magnetic  bubble 
propagation  substrate.  A  magnetic  bias  field  provides 
bubble  stability  in  the  substrate  and  a  rotating 
magnetic  field  causes  the  bubbles  to  propagate  along 
the  defined  circuit  paths.  At  the  crossover  point, 
in  the  array  of  magnetic  elements,  a  common  element  is 
provided  which  has  the  property  of  steering  the  bubbles 
in  respective  paths  so  that  they  pass  through  separated 
in  time  and  space. 

3,678,478,  filed  2/18/71,  issued  7/18/72 
J.  A.  Copeland,  III 

"Stacking  Arrangement  Which  Provides  Self-Biasing 
for  Single  Wall  Domain  Organizations" 

Large  capacity  memory  systems  employing  single 
wall  domain  devices  comprise  an  arrangement  in  which 
layers,  of  materials  in  which  domains  can  be  moved,  are 
stacked  to  form  a  compact  component.  A  stacking 
arrangement  is  described  which  eliminates  the  necessity 
of  an  externally  supplied  bias  field  normally  present, 
for  practical  purposes,  in  single  wall  domain  devices. 


3,678,479,  filed  3/12/71,  issued  7/18/72 
J.  M.  Owens 

"Conductor  Arrangement  for  Propagation  in 
Magnetic  Bubble  Domain  Systems" 

A  conductor  arrangement  for  the  propagation  of 
single  wall  domains  in  a  magnetic  bubble  domain  system 
is  disclosed.  The  conductor  arrangement  is  positioned 
on  top  of  a  strip  or  channel  of  film  of  a  magnetic 
bubble  domain  material  to  provide  a  field  gradient  which 
causes  the  magnetic  bubble  domain  to  be  moved  from  a 
nonrestricted  portion  through  a  restricted  portion  to 
a  second  nonrestricted  portion  of  the  strip  or  channel. 
The  conductor  arrangement  consists  of  a  pair  of  elon¬ 
gated  conductors  positioned  along  and  outside  of  the 
outer  edges  of  the  nonrestricted  postion  of  the  strip 
or  channel.  These  two  elongated  conductors  are  connected 
to  each  other  by  conductors  which  are  positioned  on 
top  of  the  restricted  strip  or  channel  portions. 


3,680,066,  filed  7/8/71,  issued  7/25/72 

J.  A.  Copeland,  III 

"Single  Wall  Domain  Fanout  Circuit" 

A  single  wall  domain  fanout  circuit  is  provided 
by  an  electrical  conductor  of  serpentine  geometry 
having  consecutive  loops  of  increasing  amplitude. 
Increasing  numbers  of  domains,  associated  with  consecutive 
loops,  propagate  interactions  therebetween  responsive 
to  an  information  domain. 


3,680,067,  filed  11/16/70,  issued  7/25/72 
W.  F.  Chow 

"Domain  Propagation  Circuit" 

An  autonomous  scanning  circuit  is  realized  by  an 
arrangement  of  magnetically  soft  elements  on  the  surface 
of  a  material  in  which  single  wall  domains  can  be 


670 


moved.  Information  representative  of  the  conditions  of 
a  set  of  lines  is  stored  in  a  domain  register  and 
compared  with  that  of  a  previous  scan  period  similarly 
stored.  The  expected  one  of  two  significant  outputs 
from  any  given  line  is  controlled  by  a  unique  domain 
circuit  which  remembers  the  next  preceding  output 
associated  with  that  line. 


3.689.901,  filed  5/6/71,  issued  9/5/72 
A.  H.  Bobeck 

"Magnetic  Domain  Detector  Arrangement" 

Single  wall  domains  moved  in  a  slice  of  a  host 
magnetic  material,  by  changing  magnetic  pole  patterns 
exhibited  by  a  pattern  of  magnetic  elements  in  response 
to  a  magnetic  field  reorienting  in  the  plane  of  the 
slice,  are  expanded  during  propagation  at  a  prescribed 
point  in  the  pattern  due  to  a  localized  modification 
in  the  pattern  there.  The  expansion  of  dimains  relieves 
constraints  on  turns  in  the  channel  as  well  as  detector 
design. 

3.689.902,  filed  6/30/71,  issued  9/5/72 

H.  Chang,  G.  E.  Keefe,  Y.  S.  Lin,  and  L.  L.  Rosier 
"Cylindrical  Magnetic  Domain  Decoder" 

A  decoder  for  cylindrical  magnetic  domain  shift 
registers  having  means  to  clear  the  information  from 
selected  registers  thus  enabling  new  information  to  be 
written  into  those  registers.  The  decoder  is  incorpo¬ 
rated  into  2^  closed  loop  shift  registers  and  uses  only 
a  small  part  of  the  storage  area  of  the  magnetic  sheet 
in  which  domains  exist.  It  is  activated  by  2N  control 
lines  (N  pairs) .  Depending  upon  the  activation  of  the 
decoder,  the  information  in  a  selected  shift  register 
is  passed  to  a  clear  means  which  sends  it  into  one  of 
two  paths  depending  upon  the  activation  of  the  clear 
means.  One  path  brings  the  information  to  a  detector 
for  destructive  readout,  while  the  other  path  brings 
the  information  to  a  domain  splitter.  The  domain 
splitter  splits  the  input  domains  into  two  parts,  one 
of  which  propagates  to  the  detector  while  the  other 
returns  to  the  proper  shift  register.  Thus,  non¬ 
destructive  readout  (NDRO)  or  destructive  read-out 
(DRO)  is  provided  depending  upon  the  activation  of 
the  clear  means. 

3,691,540,  filed  9/6/70,  issued  9/12/72 

G.  S.  Almasi,  H.  Chang,  G.  E.  Keefe,  and  D.  A.  Thompson 
"Integrated  Magneto-Resistive  Sensing  of  Bubble  Domains" 

An  integrated  magneto-resistive  sensor  for 
detection  of  magnetic  bubble  domains.  The  sensor  is 
located  on  the  chip  in  which  the  bubble  domains  propagate 
and  can  be  an  integral  part  of  the  propagation  circuitry. 
Any  material  exhibiting  a  magneto-resistive  effect  can 
be  used,  and  permalloy  is  a  preferred  material.  The 
sensing  element  can  be  made  very  small,  and  has  a  length 
which  is  usually  about  equal  to  a  bubble  domain  diameter. 


3,693,177,  filed  3/12/71,  issued  9/19/72 
J.  M.  Owens 

"Conductor  Arrangement  for  Propagation  in  Magnetic 
Bubble  Domain  Systems" 

A  conductor  arrangement  for  the  propagation  of 
single  wall  domains  in  a  magnetic  bubble  domain  system 
is  disclosed.  An  elongated  conductor  on  a  restricted 
portion  of  a  strip  of  film  of  a  magnetic  bubble  domain 
material  provides  a  field  gradient  which  causes  the 
magnetic  bubble  domain  to  be  moved  from  a  nonrestricted 
portion  through  the  restricted  portion  to  a  second  non¬ 
restricted  portion  of  the  strip. 


3,696,347,  filed  9/8/71,  issued  10/3/72 
J.  A.  Copeland,  III 

"Single  Wall  Domain  Information  Transfer  Arrangement" 

The  transfer  of  information  between  single  wall 
domain  propagation  channels  in  each  of  which  information 
is  represented  by  the  side  of  a  rail  along  which  a 
domain  moves  is  affected  by  a  relay  domain,  the  position 
of  which  is  modified  in  accordance  with  information  in 
one  channel  to  change  the  side  of  the  rail  along  which 
domains  in  the  other  move. 

3,697,963,  filed  3/29/71,  issued  10/10/72 

D.  E.  Kish  and  J.  L.  Smith 

"Single  Wall  Domain  Memory  Organization" 

The  transfer  of  single  wall  domains  between 
propagation  channels  defined  in  "field  access" 
arrangements  by  magnetically  soft  elements  adjacent  a 
layer  in  which  the  domains  can  be  moved  is  achieved 
by  a  hybrid  arrangement  of  magnetically  soft  guide 
elements  and  a  conductor  which  effects  lateral  dis¬ 
placement  of  domains  in  pairs  between  fixed  positions 
defined  by  the  guide  elements  consistent  with  positions 
which  are  part  of  the  channels  involved  in  the  transfer. 

3.699.547,  filed  3/12/71,  issued  10/17/72 
J.  M.  Owens  and  D.  M.  Heinz 

"Magnetic  Bubble  Domain  System" 

A  magnetic  bubble  domain  system  having  a  strip 
or  channel  of  film  of  magnetic  bubble  domain  material 
associated  with  a  supporting  substrate  is  described. 

The  surface  of  the  strip  of  magnetic  bubble  domain 
material  has  a  surface  which  is  at  substantially  the 
same  level  as  the  surface  of  the  adjacent  material. 

3.699.548,  filed  7/6/71,  issued  10/17/72 
J.  A.  Copeland,  III 

"Single  Wall  Domain  Lateral  Displacement" 

The  multistage  rail  arrangement  known  as  the 
lateral  displacement  coding  arrangement  defines  a  pair 
of  positions  for  a  single  wall  domain  in  each  stage  of 
a  closed  loop  channel.  Turns  in  the  path  of  a  channel 
of  this  type  are  described  which  eliminate  geometric 
distortions  and  consequently  exhibit  relatively  high 
operating  margins . 

3.699.551,  filed  10/20/70,  issued  10/17/72 
R.  F.  Fischer 

"Domain  Propagation  Arrangement" 

Single  wall  domains  are  moved  generally  in  a 
slice  of  magnetic  material  by  a  magnetically  soft  T 
and  bar-shaped  overlay  pattern  on  a  single  surface 
of  the  slice  in  response  to  a  magnetic  field  rotating 
in  the  plane  of  the  slice.  The  overlay  pattern  includes 
consecutive  elements  alternatively  parallel  to  first 
then  second  orthogonal  axes.  Operational  and  manu¬ 
facturing  advantages  are  realized  if  overlay  elements 
aligned  with  one  axis  are  one  surface  of  the  slice  and 
the  overlay  elements  aligned  with  the  orthogonal  axis 
are  on  the  other,  the  relative  positions  of  all  elements 
with  respect  to  one  another  in  the  plane  of  the  slice 
being  preserved  otherwise. 

3.699.552,  filed  12/30/70,  issued  10/17/72 

R.  P.  DeFabritis,  G.  B.  Fefferman,  B.  D.  Gesner, 
and  R.  J.  Radner 

"Magnetic  Bubble  Device  and  Method  of  Manuf acture-' 

For  a  magnetic  bubble  device,  circuitry  and 
support  structure  is  disclosed  which  employs  a  glaze  layer. 
The  glaze  isolates  two  layers  of  control  conductors 
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from  each  other,  supports  a  magnetic  bubble  crystal, 
houses  a  Hall-effect  device  and  is  transparent  to 
allow  transmission  of  polarized  light  for  bubble 
observation  and  detection  purposes. 

3.701.125,  filed  12/31/70,  issued  10/24/72 
H.  Chang  and  E.  R.  Genovese 

"Self-Contained  Magnetic  Bubble  Domain  Memory  Chip" 

A  complete  on-chip  memory  system  for  cylindrical 
bubble  domains  and  a  magnetic  chip  decoder  for  the 
system.  Write  and  read  decoding,  memory  storage,  and 
sensing  are  provided  on  a  single  magnetic  chip  with  a  _ 
minimum  number  of  interconnections  and  ease  of  fabri¬ 
cation.  Decoding  is  achieved  using  magnetic  overlays 
for  propagation  and  current  loops  to  provide  selective 
switching  at  various  locations.  N  control  lines  enable 
selective  connections  between  2^  domain  generators  and 
2n  shift  registers.  The  decoders  have  2^  double 
propagation  channels,  each  of  which  has  two  parallel 
paths.  One  path  connects  a  generator  to  a  shift 
register  while  the  other  path  terminates  in  a  bubble 
buster.  Each  shift  register  comprises  a  storage  loop 
having  bubble  splitters,  thus  enabling  NDRO.  The 
storage  loops  are  connected  to  a  double  propagation 
channel  in  a  read  decoder.  Sensing  means  are  connected 
to  the  output  of  the  read  decoder. 

3.701.126,  filed  1/4/71,  issued,  10/24/72 
R.  W.  Reichard 

"Static  Non-Destructive  Single  Wall  Domain 
Memory  with  Hall  Voltage  Readout" 

A  memory  system  having  single  wall  domains  movable 
between  determinate  stable  positions  and  including  a 
Hall  probe  element  matrix  arrangement,  each  element  in 
alignment  with  one  of  such  positions. 

3.701.127,  filed  3/31/71,  issued  10/24/72 
A.  H.  Bobeck  and  H.  J.  Levinstein 

"Magnetic  Domain  Propagation  Arrangement  Including 
Medium  with  Graded  Magnetic  Properties" 

The  movement  of  single  wall  domains  in  an  internal 
layer  of  a  film  of  magnetic  material  permits  operation 
unencumbered  by  surface  defects  or  interactions  with 
substrates  on  which  the  film  is  formed  for  bias  fields 
over  a  range  which  is  large  compared  to  the  range  of 
bias  fields  characteristic  of  films  in  which  single 
wall  domains  extend  from  surface  to  surface. 

3.701.128,  filed  6/30/71,  issued  10/24/72 
J.  A.  Copeland,  III 

"Detector  for  Magnetic  Domain  Arrangement" 

A  magnetoresistance  detector  for  single  wall 
domains  exhibits  particularly  attractive  properties  if 
a  captive  domain  is  permanently  associated  with  the 
element  which  has  its  resistance  varied  in  the  presence 
of  an  information  representative  domain.  The  arrange¬ 
ment  relieves  the  constraints  on  positioning  and 
alignment  of  a  plurality  of  detectors  as  might  be 
required  for  multiple  channel  domain  propagation 
arrangements . 

3,701,129,  filed  10/28/71,  issued  10/24/72 
J.  A.  Copeland,  III 

"Self-Biasing  Single  Wall  Domain  Arrangement" 

A  zero  bias,  single  wall  domain  propagation 
arrangement  is  achieved  by  forming  a  layer  of  magnetic 
material  in  which  single  wall  domains  can  be  moved  in 
stripes  having  dimensions  to  be  self -biasing.  A  number 
of  different  types  of  domains  are  found  to  coexist  in 
such  strips  leading  to  a  relatively  flexible  storage 
arrangement . 


3,701,132,  filed  10/27/71,  issued  10/24/72 
P.  I.  Bonyhard  and  T.  J.  Nelson 
"Dynamic  Reallocation  of  Information  on 
Serial  Storage  Arrangements" 

The  field  access  mode  of  operating  a  single-wall 
domain  mass  memory  is  adapted  for  the  reordering  of 
stored  information  depending  on  the  recency  of  use  of 
the  information.  The  memory  is  organized  in  the 
familiar  major-minor  loop  arrangement  where  information 
is  transferred  from  minor  loops  to  the  major  loop  for 
write  and  read  operations.  Reordering  is  permitted  by 
a  modification  of  the  elements  which  define  the  major 
loop. 

3,702,991,  filed  3/30/71,  issued  11/14/72 
R.  T.  Bate  and  F.  G.  West,  Jr. 

"Magnetic  Domain  Memory  Structure" 

A  magnetic  memory  structure  is  disclosed  that 
includes  a  plurality  of  insulated  gate  field  effect 
transistors  (IGFET1 s)  on  one  surface  of  a  semiconductor 
substrate.  A  predetermined  pattern  of  propagating 
material  overlies  the  IGFET  devices,  and  a  layer  of 
magnetic  material  capable  of  supporting  cylindrical 
magnetic  domains  is  mechanically  attached  to  the  structure 
to  overlie  the  propagating  material. 

3.702.994,  filed  3/1/71,  issued  11/14/72 

D.  E.  Kish  and  J.  L.  Smith 
"Domain  Propagation  Arrangement" 

The  displacement  of  single  wall  domains  in  a  domain 
propagation  medium  is  achieved  along  a  straight  line 
conductor  to  which  bipolar  pulses  are  applied.  Discrete 
magnetically  soft  elements  are  disposed  to  respond  to  the 
in-plane  components  of  the  fields  generated  by  the  pulses 
to  produce  consecutively  off-set  poles  to  displace  the 
domain  in  the  desired  direction. 

3.702.995,  filed  11/24/71,  issued  11/14/72 
A.  H.  Bobeck,  F.  J.  Ciak,  and  W.  Strauss 
"Single  Wall  Domain  Arrangement" 

A  single  wall  domain  arrangement  comprises  channels 
which  are  defined  in  a  layer  of  magnetic  material  by 
patterns  of  magnetically  soft  elements  along  which 
domains  move  responsive  to  a  magnetic  field  reorienting 
in  the  plane  of  the  layer.  The  elements  are  formed  by 
a  single  photoresist  process  resulting  in  the  simultaneous 
formation  of  a  compatible  magnetoresistance  detector. 

3,703,712,  filed  4/12/71,  issued  11/21/72 
A.  H.  Bobeck  and  H.  E.  D.  Scovil 
"Mass  Memory  Organization" 

Layers  of  materials  in  which  single  wall  domains 
can  be  moved  and  operated  in  the  familiar  field  access 
mode  are  organized  in  an  array  and  operated  in  a  word- 
organized  block  access  fashion  which  permits  an 
advantageous  noise  cancellation  detection  arrangement. 

3,705,394,  filed  10/4/71,  issued  12/5/72 

E.  Della  Torre 

"Oscillating  Transverse  Field  Bubble  Domain  Propagation" 

A  bubble  domain  propagation  circuit  made  up  of  an 
overlay  pattern  of  bars  of  different  shapes  such  that 
their  differing  demagnetizing  fields  make  them  vary 
in  the  magnetic  field  strength  required  to  reverse  their 
magnetic  polarities.  The  preferred  arrangement  com¬ 
prises  a  series  of  bars  formed  of  films  of  material 
having  magnetic  proportions  e.g.  permalloy  overlying 
the  film  containing  the  bubbles.  The  arrangement  is 
made  up  of  long  and  short  bars  with  the  bubbles  moving 
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from  the  vicinity  of  one  bar  to  the  next  on  application 
of  a  suitably  shaped  varying  transverse  field.  In 
the  simplest  arrangement  the  bars  are  alternatively 
long  and  short  and  the  transverse  field  is  a  sine  wave. 

3,706,081,  filed  12/22/71,  issued  12/12/72 
A.  H.  Bobeck,  R.  Kowalchuk,  and  J.  P.  Reeks tin,  Jr. 
"Fail-Safe  Domain  Generator  for  Single  Wall 
Domain  Arrangements" 

A  generator  for  single  wall  domain  arrangements 
of  the  field  access  type  is  provided  by  locally 
reducing  the  separation  between  the  plane  in  which  the 
pattern  of  magnetically  soft  channel-defining  elements 
lies  and  the  domain  layer.  A  domain  is  generated  at 
that  portion  of  the  pattern,  where  the  separation  is 
reduced,  for  each  rotation  of  the  familiar  rotating 
field  which  moves  domains  along  the  channel. 


3,706,082,  filed  2/22/71,  issued  12/21/72 
A.  H.  Bobeck  and  I.  Danylchuk 
"Single  Wall  Domain  Generator" 

Magnetic  domains  are  generated  during  high 
speed  operation  of  a  single  wall  domain  arrangement  by 
a  domain  shuttling  generator  operative  to  selectively 
separate  a  portion  of  a  seed  domain  for  transfer  to  a 
propagation  channel. 


3:, 710, 356,  filed  9/8/71,  issued  1/9/73 
A.  H.  Bobeck  and  R.  F.  Fischer 
"Strip  Domain  Propagation  Arrangement" 

Single  wall  domains  have  been  found  to  be  movable 
in  a  host  magnetic  layer  in  the  absence  of  a  bias  field 
and  in  the  absence  of  sufficient  coercivity  in  the 
host  layer  for  maintaining  the  domain  walls  in  fixed 
positions  when  drive  fields  terminate. 


3.711.841,  filed  12/22/71,  issued  1/16/73 
J.  E.  Geusic  and  L.  G.  G.  Van  Uitert 
"Magnetic  Single  Wall  Domain  Arrangement" 

Single  wall  domain  material  for  which  permissible 
bias  field  ranges  exist  for  only  narrow  ranges  of 
temperatures  have  been  round  to  be  particularly  useful 
over  relatively  large  ranges  of  temperature  when  used 
with  a  biasing  magnet  which  provides  a  biasing  field 
which  varies  properly  as  a  function  of  temperature. 

3.711.842,  filed  12/30/71,  issued  1/16/73 
W.  F.  Chow 

"Single  Wall  Magnetic  Domain  Logic  Arrangement" 

A  pair  of  closed  loop  domain  propagation  channels 
each  of  which  exhibits  a  domain  in  only  one  of  two 
laterally  displaced  positions  in  each  stage  is 
adapted  herein  to  provide  a  simple  autonomous  line 
scanned  by  separating  associated  portions  of  the  two 
channels  into  two  independent  but  synchronously  oper¬ 
ated  paths  or  tracks.  Related  logic  operations  are 
carried  out  in  the  separate  tracks,  in  a  manner  con¬ 
sistent  with  the  requisite  complementary  domain  for¬ 
mat  in  an  input  portion  of  the  channels  where  the 
tracks  are  not  physically  separated. 

3,713,116,  filed  11/9/71,  issued  1/23/73 
P.  I.  Bonyhard  and  P.  C.  Michaelis 
"Single-Wall  Domain  Arrangement" 

The  transfer  of  a  domain  from  one  channel  to 
another  in  a  single-wall  domain  memory  is  effected  by 
a  transfer  loop  into  which  a  domain  is  moved  by  a  field 
from  a  pulsed  conductor  and  from  which  a  domain  exits 
in  response  to  a  magnetic  field  rotating  in  the  plane  of 
the  layer  in  which  domains  move.  The  transfer  loop 
includes  two  "exit-entrance"  positions  associated  with 
the  two  channels  between  which  transfer  occurs.  The 
exit  of  a  domain  from  the  transfer  loop  may  be  aided  by 
a  pulsed  conductor  also. 


3,713,117,  filed  3/1/72,  issued  1/23/73 


3,711,838,  filed  2/1/71,  issued  1/16/73 


A.  H.  Bobeck 

"Magnetoresistance  Detector  for  Single  Wall  Domains" 


J.  H.  Kef alas 

"Magnetic  Device  for  Domain  Wall  Propagation". 

Magnetic  planar  modules  have  cylindrical  domains 
magnetized  normal  to  the  planar  surfaces  of  the  modules 
and  are  propagated  by  the  introduction  of  a  rotating 
field  transverse  the  domains  in  the  selected  ones  of 
the  modules.  The  magnetic  surface  of  the  modules  may 
be  of  a  cobalt-phosphorus  alloy  which  supports  cylindrical 
domains  and  allows  for  an  economical  and  large  scale 
production  of  an  array  of  magnetic  modules.  The  domains 
are  guided  throughout  their  respective  modules  to  pre¬ 
determined  locations  where  their  presence  or  absence  is 
detected. 


3,711,840,  filed  12/13/71,  issued  1/16/73 
J.  A.  Copeland,  III 

"Write  Circuit  Using  Enhanced  Propagation  Pulses  for 
Lateral  Displacement  Coding  of  Patterns  of  Single- 
Wall  Magnetic  Domains" 


A  number  of  geometries  are  disclosed  for  magneto¬ 
resistance  elements  compatible  with  fine-grained,  field- 
access,  single  wall  domain  arrangements  that  render  the 
elements  insensitive  to  the  rotating  in-plane  magnetic 
field  which  moves  domains  in  such  arrangements. 

3.713.118,  filed  5/27/70,  issued  1/23/73 
I.  Danylchuk 

"Single  Wall  Domain  Fanout  Circuit" 

An  arrangement  of  magnetically  soft  overlay 
elements  on  a  magnetic  material,  in  which  single  wall 
domains  can  be  moved,  is  designed  to  generate  two 
domains  for  each  domain  advanced  to  it  in  response  to 
a  magnetic  field  reorienting  in  the  plane  of  the 
material.  A  number  of  these  arrangements  are  cascaded 
to  perform  a  fanout  function  which  doubles  the  number 
of  domains  for  each  cycle  in  the  in-plane  field. 

3.713.119,  filed  5/14/71,  issued  1/23/73 


A.  H.  Bobeck 


A  "write"  feature  is  incorporated  into  the  propagation  "Domain  Propagation  Arrangement" 


circuitry  of  a  lateral  displacement  shift  register  by 
reducing  the  lateral  dimensions  of  the  serpentine 
propagation  conductor  pattern  at  predetermined  "-write" 
positions  along  the  propagation  channel.  Enhancement 
of  amplitude  of  a  selected  propagation  pulse  creates  a 
lateral  force  sufficient  to  displace  a  domain  at  such  a 
position  to  a  side  of  the  channel  determined  by  the 
polarity  of  the  enhanced  pulse. 


The  geometry  of  the  overlay  pattern  of  elements 
which  cause  the  movement  of  single  wall  domains  in 
response  to  a  reorienting  in-plane  field  in  single 
wall  domain  arrangements  has  been  found  to  exhibit 
enhanced  operating  characteristics  if  the  extremes  of 
the  elements  therein  are  of  enlarged  geometry  to 
concentrate  flux. 
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3,713,120,  filed  4/3/72,  issued  1/23/73 
A.  H.  Bobeck,  F.  J.  Ciak,  and  W.  Strauss 
"Magnetoresistance  Detector  for  Single  Wall 
Magnetic  Domains" 

A  relatively  large  output  signal  is  achieved  from 
an  expanded  magnetic  domain  by  a  relatively  long 
magnetoresistance  element  in  the  path  of  the  domain. 

The  relatively  long  element  is  formed  with  a  minimum 
loss  of  space  by  including  within  the  magnetoresistance 
element  portions  of  the  already  present  magnetic 
elements  which  define  the  path  along  which  the  domain 
moves.  Domain  movement  and  expansion  is  due  to  the 
geometry  of  the  path-defining  elements  and  is  responsive 
to  a  magnetic  field  rotating  in  the  plane  of  domain 
movement . 

3,714,523,  filed  3/30/71,  issued  1/30/73 
R.  T.  Bate 

"Magnetic  Field  Sensor" 

Disclosed  is  an  insulated  gate  field  effect 
transistor  (IGFET)  structure,  the  electrical  state 
of  which  is  strongly  sensitive  to  the  presence  of 
a  magnetic  field.  The  structure  is  defined  by  a 
semiconductor  substrate  having  a  source  diffusion 
region  and  two  drain  diffusion  regions  spaced  there¬ 
from.  Two  adjacent  gate  electrodes  are  formed  inter¬ 
mediate  the  source  and  drain  regions.  The  two  gates 
are  biased  to  form  two  inversion  layers  in  the  semi¬ 
conductor  material  thereunder.  Magnetically  induced 
charge  coupling  between  the  two  inversion  layers 
provides  positive  feedback  during  operation  and 
thus  effects  an  extremely  sensitive  magnetic  field 
detector. 


3,714,639,  filed  12/6/71,  issued  1/30/73 
D.  E.  Kish  and  J.  L.  Smith 
"Transfer  of  Magnetic  Domains  in  Single- 
Wall  Domain  Memories" 

A  magnetic  arrangement  for  transferring  a  single¬ 
wall  domain  in  a  layer  of  magnetic  material  from  one 
closed  loop  to  another,  both  defined  by  magnetically 
soft  elements  includes  a  transfer  conductor  oriented 
to  supply  fields  operative  both  to  move  a  domain  from 
its  present  position  in  one  loop  into  a  transfer  region 
and  to  eliminate  the  attracting  field  generated  in  the 
next  normal  position  for  the  domain  in  response  to  a 
magnetic  field  reorienting  in  the  plane  of  the  layer. 
The  position  to  which  the  domain  is  moved  in  the 
transfer  region  is  defined  by  a  magnetically  soft  guide 
element . 


3,714,640,  filed  5/28/71,  issued  1/30/73 
A.  H.  Bobeck 

"Single  Wall  Domain  Propagation  Arrangement” 

An  external  means  for  supplying  a  bias  field  of 
a  polarity  to  contract  single  wall  domains  employed  to 
insure  the  stability  of  single  wall  domains  in  a  layer 
of  a  host  magnetic  material  has  been  found  to  be 
unnecessary  if  a  surface  layer  of  the  host  material 
is  prepared  so  that  the  surface  is  permanently  magnetized 
normal  to  the  plane  of  the  host  layer  and  exchange- 
coupled  to  the  body  of  that  layer. 

3,715,736,  filed  4/1/71,  issued  2/6/73 
C.  F.  0* Donnell  and  G.  R.  Pulliam 
"Magnetic  Bubble  Domain  System" 

A  magnetic  bubble  domain  system  having  localized 
areas  of  spatial  stability  for  bubble  domains  is 
disclosed.  The  bubble  domain  system  includes  a  thin 


film  of  single  crystal  magnetic  bubble  domain  material 
on  a  single  crystal  substrate.  The  film  has  a  plurality 
of  isolated  thick  portions  surrounded  by  thinner  regions. 
The  bubble  domains  when  formed  preferentially  move  into 
the  thick  portions.  The  surrounding  relatively  thin 
regions  of  film  serve  as  energy  barriers  to  the  movement 
of  the  bubble  domains  and  confine  the  bubble  domains  in 
the  relatively  thick  portions  of  the  film.  Bubble 
domains  may  be  moved  to  and  from  the  thick  portions  in 
a  plurality  of  directions. 


3,717,853,  filed  4/1/71,  issued  2/20/73 
C.  F.  O'Donnell  and  G.  R.  Pulliam 
"Magnetic  Bubble  Domain  System" 

A  magnetic  bubble  domain  system  having  localized 
areas  of  bubble  domain  spatial  stability  of  a  particular 
shape  which  have  a  preferred  unidirectional  movement 
for  bubble  domains  is  disclosed.  The  bubble  domain  system 
includes  a  thin  film  of  single  crystal  magnetic  bubble 
domain  material  on  a  single  crystal  substrate.  The 
film  has  a  plurality  of  isolated  thick  portions  with  a 
truncated  shape  surrounded  by  relatively  thin  regions 
which  serve  as  energy  barriers  to  the  movement  of  bubble 
domains  and  which  confine  the  bubble  domains  in  the 
relatively  thick  portions.  The  truncated  shape  thick 
portions  have  a  narrow  end  and  a  wide  end.  Moving  a 
bubble  domain  from  the  wide  end  of  one  thick  portion  to 
the  narrow  end  of  another  portion  takes  place  along  the 
preferred  "easy"  movement  direction.  Moving  a  bubble 
domain  along  the  "hard"  movement  direction  from  the 
narrow  end  of  one  portion  to  the  wide  end  of  another 
thick  portion  requires  a  larger  force  than  along  the 
easy  movement  direction. 

3,720,928,  filed  5/21/71,  issued  3/13/73 
H.  Chang 

"Sensing  of  Cylindrical  Magnetic  Domains" 

An  apparatus  for  cylindrical  magnetic  domains 
in  which  the  sensing  elements  for  detecting  the  presence 
and  absence  of  cylindrical  domains  are  spatially 
staggered  in  each  information  channel  so  as  to  effect 
a  time  phase  between  successive  output  signals.  In 
contrast  with  previous  sensing  devices  for  cylindrical 
domains,  an  increased  number  of  information  channels 
can  be  read  during  each  cycle  of  propagation  (the 
time  for  a  domain  to  move  one  bit  position) .  A 
plurality  of  information  channels  is  provided  on 
the  magnetic  sheet,  and  the  sensing  means  for  detection 
of  domains  in  each  channel  is  staggered  spatially 
with  respect  to  the  sensing  means  in  the  adjacent  * 
channels.  A  single  sense  amplifier  can  be  used  for 
all  sensing  means,  and  the  data  rate  per  channel  is 
correspondingly  increased. 


3,723,985,  filed  12/27/71,  issued  3/27/73 
R.  S.  Krupp  and  L.  A.  Tomko 

"Electrically  Controllable  Steering  Arrangement 
for  Magnetic  Single-Wall  Domain  Propagation  Paths" 

An  electrically  controllable  transfer  circuit 
located  at  the  intersection  of  plural  magnetic  single¬ 
wall  domain  field  access  propagation  paths  is  provided 
with  electric  current  pulses  that  are  differently 
phased  with  respect  to  an  in-plane  rotating  magnetic 
field  for  determining  the  direction  of  domain  propa¬ 
gation  through  the  intersection.  A  plurality  of 
such  path  intersections  are  interconnected  to  form 
row  and  column  shift  registers  of  a  two-dimensional 
shift  register.  All  of  the  transfer  circuits  are 
connected  to  be  driven  together  to  realize  propagation 
in  two  different  directions  in  each  field  access  cycle. 
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3,727,197,  filed  12/31/70,  issued  4/10/73 
H.  Chang 

"Magnetic  Means  for  Collapsing  and  Splitting 
of  Cylindrical  Domains" 

A  very  simple  means  for  splitting  or  collapsing 
cylindrical  domains  which  can  be  located  anywhere 
on  a  magnetic  sheet  in  which  the  domains  exist.  Soft 
magnetic  materials  such  as  permalloy  are  used  to 
create  strong  local  magnetic  fields  which  act  on  the 
domains  to  split  or  collapse  them.  In  one  embodiment, 
the  permalloy  elements  are  located  on  both  sides  of 
the  magnetic  sheet,  while  in  another  embodiment  these 
elements  are  located  on  the  same  side  of  the  magnetic 
sheet.  No  extra  external  power  (current  or  magnetic 
field)  is  required  in  these  devices;  the  propagation 
field  is  sufficient  to  establish  the  required  energy 
for  splitting  or  collapsing  domains. 

3,728,153,  filed  12/21/70,  issued  4/17/73 
D.  M.  Heinz 

"Method  of  Forming  Bubble  Domain  System" 

A  method  of  forming  a  bubble  domain  system  of 
magnetic  material  having  a  portion  containing  small 
diameter  bubble  domains  and  an  adjacent  portion  having 
larger  diameter  bubble  domains  is  disclosed.  The 
method  includes  the  step  of  providing  a  first  single 
crystal  magnetic  film  having  a  small  bubble  domain 
diameters  therein  and  the  further  step  of  depositing 
a  single  crystal  magnetic  film  having  a  lower  mag¬ 
netization  level  on  a  specific  portion  of  said  first 
film.  The  structure  formed  by  this  method  has  large 
diameter  bubble  domains  in  the  portion  having  both 
of  the  films  and  small  diameter  bubbles  in  the  por¬ 
tion  having  only  one  film. 

3,728,697,  filed  12/21/70,  issued  4/1/73 
D.  M.  Heinz 

"Bubble  Domain  System" 

A  bubble  domain  system  of  magnetic  material  having 
a  portion  containing  small  diameter  bubble  domains  and 
an  adjacent  portion  having  larger  diameter  bubble 
domains.  A  method  for  forming  large  diameter  bubble 
domains  in  a  magnetic  material  containing  small  diameter 
bubble  domains  is  also  included. 

3,729,724,  filed  6/8/71,  issued  4/24/73 

W.  E.  Ahearn,  G.  S.  Almasi,  and  E.  R.  Genovese 

"High-Density  Magneto-Optic  Readout  Apparatus" 

The  presence  and  absence  of  cylindrical  domains  in 
a  magnetic  material  is  determined  by  using  either  the 
Faraday  or  Kerr  effect  in  conjunction  with  two  semi¬ 
conductor  lasers.  When  both  lasers  are  biased  just 
below  their  lasing  thresholds,  the  magnetic  material, 
in  conjunction  with  the  cylindrical  domains,  functions 
as  a  Q-switch  wherein  the  cylindrical  domains  establish 
an  optical  cavity  when  they  enter  the  optical  path 
between  the  two  lasers.  When  one  laser  is  biased  just 
below  its  lasing  threshold  and  the  other  is  biased  in 
its  lasing  mode,  the  apparatus  functions  in  a  source- 
detector  mode.  The  apparatus  operating  in  either  mode 
is  very  adaptable  for  multicell  or  array  implementation. 

3,731,288,  filed  7/28/71,  issued  5/1/73 
A.  Marsh 

"Circular  Magnetic  Domain  Devices" 

A  circular  magnetic  domain  device  wherein  binary 
information  in  the  form  of  propagating  circular  magnetic 
domains  is  converted  into  formation  in  the  form  of 
electrical  impulses  by  causing  each  of  the  propagating 
magnetic  domains  to  be  expanded  in  a  direction  transverse 
to  its  direction  of  propagation  in  order  to  effect  an 
abrupt  division  of  the  domain  into  at  least  two 


separate  parts  which  collapse  very  rapidly  after  division 
into  two  circular  magnetic  domains.  Means  are  provided 
for  detecting  the  division  of  each  of  the  magnetic 
domains  and  generating  an  electrical  impulse  whose 
magnitude  is  proportional  to  the  velocity  of  the  division. 

3,732,551,  filed  2/24/71,  issued  5/8/73 
N'.  Homma,  Y.  Noro,  and  S.  Yoshizawa 
"Magnetic  Single  Wall  Domain  Memory" 

In  a  memory  device  using  magnetic  bubble  elements, 
a  memory  bubble  within  a  memory  loop  and  a  control 
bubble  from  a  decoder  are  caused  to  repel  each  other, 
to  lead  the  memory  bubble  to  an  erase  circuit  and  to 
erase  it  therein,  and  thereafter,  the  repelled  control 
bubble  and  an  information  bubble  are  further  caused  to 
repel  ea'ch  other,  to  feed  either  of  the  bubbles  into 
the  memory  loop  and  to  thus  effect  write-in  of  the 
information. 

Readout  of  information  is  carried  out  such  that  a 
memory  bubble  within  a  memory  loop  and  the  control  bubble 
are  caused  to  repel  each  other,  to  detect  either  of  the 
repelled  bubbles  by  means  of  a  detector. 

3,735,145,  filed  10/16/70,  issued  5/22/73 
D.  M.  Heinz 

"Magnetic  Bubble  Domain  System" 

A  magnetic  bubble  domain  system  comprising  one 
or  more  channels  of  magnetic  bubble  domain  material 
on  a  supporting  substrate  is  described.  Any  number 
of  these  individual  magnetic  bubble  domain  channels 
may  be  interconnected  or  connected  to  a  main  channel. 

The  movement  of  bubble  domains  along  a  channel  is 
effected  by  the  repulsive  or  interaction  forces  be¬ 
tween  bubble  domains  which  are  present  in  a  channel 
when  a  bubble  domain  is  formed  or  propagated  near 
another  bubble  domain.  The  movement  of  bubbles  from 
a  given  channel  into  one  of  several  possible  ad¬ 
joining  channels  to  perform  a  logic  function  may  be 
directed  by  the  presence  or  absence  of  bubbles  in 
one  or  more  connecting  channels. 

3,735,370,  filed  11/9/71,  issued  5/22/73 
P .  C .  Michaelis 

"Input  for  Single-Wall  Domain  Arrangement" 

The  geometry  of  a  magnetically  soft  input  which 
defines  the  path  of  a  seed  domain  employed  to  generate 
information-representative  domains  for  movement  in  a 
field  access  single-wall  domain  memory  is  modified  to 
ensure  that  the  seed  domain  be  retained  at  the  input 
when  the  drive  field  which  causes  domain  movement  in 
such  arrangements  is  terminated. 

3,736,419,  filed  10/26/71,  filed  5/29/73 
G.  S.  Almasi  and  G.  E.  Keefe 
"Magnetoresistive  Sensing  of  Bubble 
Domains  with  Noise  Suppression" 

A  magnetoresistive  sensing  device  for  detection 
of  cylindrical  magnetic  domains  (bubble  domains)  in 
magnetic  bubble  sheets.  Cancellation  of  noise  due  to 
fields  (such  as  the  propagation  (drive)  field)  which 
intercept  the  sensing  element  is  achieved  by  using 
two  magnetoresistive  sensing  elements  whose  combined 
voltage  (or  current)  output  is  constant  in  the  absence 
of  a  bubble  domain.  In  one  sensing  element,  the 
measuring  current  through  the  element  is  substantially 
parallel  to  the  magnetization  direction  of  that 
element,  while  in  the  second  element,  the  measuring 
current  is  substantially  perpendicular  to  the 
magnetization  direction  of  the  second  element.  In 
a  preferred  embodiment,  two  sensing  elements  are 
electrically  connected  in  series  and  the  sum  of  their 
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resistances  is  constant  when  the  device  is  being 
operated,  in  the  absence  of  domains.  When  a  domain 
in  present,  the  sum  of  the  resistances  is  different, 
so  the  output  of  the  device  changes.  Each  sensor 
can  be  associated  with  a  different  information 
channel  (or  group  of  channels)  in  which  domains  are 
propagated. 

3,736,577,  filed  12/31/70,  issued  5/29/73 
H.  Chang 

"Domain  Transfer  Between  Adjacent  Magnetic  Chips" 

A  structure  for  cylindrical,  single  wall  magnetic 
domains  using  a  plurality  of  magnetic  chips  to  achieve 
large  size  devices,  such  as  long  shift  registers.  The 
magnetic  chips  are  pieced  together  and  domain  propa¬ 
gation  from  one  chip  to  another  is  effected  by  an 
interaction  between  domains  located  on  adjacent  chips. 
The  domains  themselves  are  not  able  to  cross  the 
boundary  between  adjacent  chips.  Propagation  means 
in  one  chip  brings  domains  representing  information 
bits  in  that  chip  closely  enough  to  a  second  chip  that 
these  domains  will  magnetically  interact  with  other 
domains  in  the  second  chip,  causing  the  domains  in  the 
second  chip  to  then  propagate  as  information  bits. 
Consequently,  a  large  device  is  comprised  of  a  number 
of  smaller  segments  which  cooperatively  interact.  This 
overcomes  the  constraint  of  bit  capacity  limitation 
due  to  the  dimensions  of  magnetic  chips.  This  also 
facilitates  the  combined  use  of  chips  with  different 
properties  as  designed  for  different  functions. 


3,736,579,  filed  2/2/72,  issued  5/29/73 
A.  Marsh 

"Circular  Magnetic  Domain  Devices" 

A  circular  magnetic  domain  device  which  includes 
a  layer  of  uniaxial  magnetic  material  formed  on  or 
in  a  surface  of  a  magnetic  member  having  at  least  one 
easy  magnetization  direction  substantially  parallel  to 
the  said  surface  thereof,  the  layer  material  having  a 
single  unique  easy  magnetization  direction  substantially 
normal  to  the  said  surface.  A  first  pattern  of  a 
soft  magnetic  material  is  interposed  between  the  uniaxial 
magnetic  layer  and  the  magnetic  member,  and  a  pattern  of 
an  electrically  conductive  material  is  formed  on  the 
upper  surface  of  the  uniaxial  magnetic  layer.  The 
magnetic  member  can  be  formed  on  the  surface  of  a  non¬ 
magnetic  substrate,  and  a  second  soft  magnetic  pattern 
can  be  formed  on  the  upper  surface  of  the  uniaxial 
magnetic  layer.  The  second  soft  magnetic  pattern  can 
be  complimentary  to,  and  in  register  with,  the  first 
pattern  in  order  to  obtain  higher  propagation  rates  for 
the  circular  magnetic  domains. 


3,739,360,  filed  11/10/71,  issued  6/12/73 
D.  E.  Lacklison 

"Method  of  Magnetic  Data  Storage" 

A  method  of  magnetic  data  storage  in  which  magnetic 
domains  are  generated  and  moved  to  desired  locations  in 
a  platelet  of  magnetic  material  exhibiting  photomagnetic 
properties,  e.g.,  FeBOo  by  exposing  the  platelet  in  the 
desired  locations  to  electromagnetic  radiation. 


3,737,881,  filed  4/13/72,  issued  6/5/73 
V.  A.  Cordi  and  T.  Y.  Nickel 

"Implementation  of  the  Least  Recently  Used  (LRU) 
Algorithm  Using  Magnetic  Bubble  Domains" 

A  Least  Recently  Used  (LRU)  Algorithm  is  imple¬ 
mented  in  a  dynamically  ordered,  magnetic  bubble  domain 


shift  register  to  enhance  both  the  speed  and  cost 
reduction  of  paging  between  levels  of  a  storage 
hierarchy  containing  a  large  quantity  of  data. 


3,737,882,  filed  1/28/72,  issued  6/5/73 
T.  Furuoya 

"Cylindrical  Magnetic  Domain  Memory  Apparatus" 

A  cylindrical  magnetic  domain  memory  having  a 
plurality  of  storage  channels  which  can  be  written  into 
via  one  domain  generating  source  and  read-out  from  via 
one  domain  detecting  means  without  any  relative  time 
loss  due  to  the  distance  of  the  storage  channel  from 
the  detecting  or  generating  means.  Each  storage  chan¬ 
nel  circulates  the  bubbles  therein  continuously  along 
a  closed  path.  A  magnetic  switch,  when  actuated, 
forces  an  alteration  in  said  closed  path  so  that  a 
circulating  bubble  comes  near  enough  to  a  string  of 
closely  packed  bubbles  in  a  read-out  channel  of  a 
magnetic  domain  transfer  line.  This  creates  a  repul¬ 
sive  force  on  the  string  of  bubbles  causing  the  bubble 
at  the  very  end  of  the  read-out  channel  to  be  forced 
into  the  bubble  detector.  A  separate  string  of  closely 
packed  bubbles  appears  in  the  write-in  channel  of  the 
magnetic  domain  transfer  line.  New  information  is 
written  into  a  selected  storage  channel  by  closing  a 
magnetic  switch  associated  with  the  selected  channel 
and  forcing  the  nearest  of  said  string  of  bubbles  through 
said  switch  into  said  storage  channel.  The  force 
required  is  provided  by  generating  a  bubble  and  inserting 
it  at  one  end  of  said  write-in  channel,  thereby  causing 
sequential  repulsion  between  adjacent  bubbles  in  said 
string. 

3,742,471,  filed  2/24/72,  issued  6/26/73 
I .  Mikami 

"Bubble  Domain  Apparatus" 

Bubble  domain  apparatus  comprising  a  plurality  of 
bubble  domain  elements,  each  of  which  has  a  bias  mag¬ 
netic  field  applied  thereto  by  a  permanent  magnet 
sheet  having  an  equivalent  diameter  sufficiently  large 
relative  to  its  thickness  and  being  magnetized  normally 
to  the  sheet  surface,  and  which  are  received  in  a  mag¬ 
netic  shielding  box  so  that  the  permanent  magnet 
sheets  may  be  in  parallel  arrangement.  In  the  bubble 
domain  apparatus,  even  when  one  of  said  bubble  domain 
elements  is  taken  out  from  said  apparatus,  the  bias 
magnetic  fields  applied  to  the  respective  bubble 
domain  elements  change  scarcely. 

3,743,788,  filed  12/2/71,  issued  7/3/73 
R.  S.  Krupp  and  L.  A.  Tomko 

"Time  Coded  Signalling  Technique  for  Writing  Control 
Memories  of  Time  Slot  Interchangers  and  the  Like" 

A  first  set  of  time  division  multiplex  signal 
communication  equipment  has  plural  output  gates  dis¬ 
tributed  along  the  length  of  a  signal  propagation 
path  thereof  to  be  actuated  selectively  in  different 
predetermined  time  slots.  A  different  control  memory 
shift  register  of  corresponding  length  is  provided 
for  each  gate  to  store  a  control  signal  pattern  that 
determines  when  such  gate  is  to  operate.  A  memory 
signal  pattern  is  altered  by  an  analogous  set  of 
signal  communication  equipment.  Plural  timing  sig¬ 
nals,  which  are  representative  of  a  predetermined 
time  of  operation  of  a  gate  of  the  first  equipment 
set,  are  applied  to  different  paths  in  the  analogous 
equipment  set,  and  those  signals  interact  to  produce 
an  output  from  the  analogous  equipment  for  automatic¬ 
ally  writing  a  signal  pattern  in  the  correct  control 
memory  register  in  the  correct  time  slot  for  operating 
the  corresponding  gate  in  the  first  set  of  equipment. 
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3,744,042,  filed  5/5/72,  issued  7/3/73 

L.  S.  Cutler  and  R.  F.  Lacey 

’’Memory  Protect  for  Magnetic  Bubble  Memory" 

A  magnetic  bubble  memory  is  placed  in  a  canted, 
static  magnetic  field  to  produce  a  holding  bias  for 
the  magnetic  bubbles  in  addition  to  the  bubble  gener¬ 
ating  bias.  When  a  rotating  magnetic  field  is  applied 
to  move  the  bubbles,  a  static  bias  is  also  applied  to 
cancel  out  the  holding  bias. 

3,745,046,  filed  12/28/70,  issued  7/10/73 

J.  E.  Mee,  P.  J.  Besser,  G.  R.  Pulliam,  D.  M.  Heinz, 

and  P.  E.  Elkins. 

"Method  for  Producing  Bubble  Domains  in  Magnetic 
Film- Sub st rate  Structures" 

A  method  for  producing  a  bubble  domain  in  a 
magnetic  single  crystal  garnet  film- substrate  struc¬ 
ture  is  disclosed.  The  method  involves  the  epitaxial 
deposition  of  an  iron  garnet  film  of  the  proper  crys¬ 
tallographic  orientation  and  having  a  positive  mag¬ 
netostriction  constant  on  a  garnet  substrate  in 
which  the  room  temperature  lattice  constant  of  the 
film  is  larger  than  the  room  temperature  lattice 
constant  of  the  substrate,  preferably  by  an  amount 
less  than  0.035  angstrom. 

3,745,542,  filed  7/25/72,  issued  7/10/73 
J.  A.  Copeland,  III 

"Method  and  Apparatus  for  Selectively  Accessing  a 
Serial  String  of  Enhanced  Propagation  Pulse  Write 
Circuits" 

Selected  write  circuits  in  a  serial  string  of 
enhanced  propagation  pulse  write  circuits  are  activated 
by  modulating  the  magnetic  bias  fields  in  the  local 
vicinity  of  the  selected  circuits  a  sufficient  amount 
to  cause  only  the  selected  circuits  to  respond  to 
enhanced  propagation  pulses,  which  are  normally  of 
insufficient  amplitude  to  activate  any  of  the  write 
circuits. 

3,750,154,  filed  5/1/72,  issued  7/31/73 
G.  So  Almasi 

"Bubble  Domain  Chip  Arrangement" 

A  space  displacement  arrangement  of  magnetic 
domain  chips  with  respect  to  each  other,  which  allows 
packaging  with  a  minimum  number  of  memory  inter¬ 
connections  and  low  operating  power.  In  addition, 
reduction  of  the  number  of  preamplifiers  and  the  number 
of  sensors  is  achieved.  Each  chip  contains  bubble  do¬ 
main  devices  thereon,  and  provides  a  complete  bubble 
domain  memory  system.  Spatially  rotating  the  chips 
with  respect  to  one  another  means  that  the  same  reori¬ 
enting  magnetic  drive  field  will  have  a  time  displaced 
effect  on  each  of  the  chips.  That  is,  each  chip  will 
see  the  reorienting  drive  field  at  a  different  time. 

In  this  manner,  multiplexing  on  a  chip-to-chip  basis  is 
achieved.  The  chips  can  be  arranged  so  that  no  inter¬ 
connection  cross-overs  result,  even  though  they  are 
rotationally  displaced  with  respect  to  one  another. 

3,753,250,  filed  1/25/72,  issued  8/14/73  - 

F.  Yamauchi 

"Cylindrical  Magnetic  Domain  Propagating  Circuit  and 
Logic  Circuit" 


on  the  particular  positions  of  the  Y-shaped  patterns 
and  the  relative  size  of  the  strokes. 

3,753,253,  filed  9/13/71,  issued  8/14/73 
R.  M.  Smith 

"Magnetic  Domain  Switching  Matrix  and  Control  Arrange¬ 
ment" 

A  magnetic  domain  switching  matrix  arrangement 
is  realized  by  a  magnetically  soft  overlay  geometry 
which  controls  the  movement  of  single  wall  domains 
in  a  slice  of  magnetic  material  in  response  to  a 
reorienting  magnetic  field.  The  overlay  geometry 
defines  a  switching  matrix  for  domains  propagated 
along  a  horizontal  path,  which  domains  are  selec¬ 
tively  transferred  to  an  intersecting  vertical 
path  under  control  of  a  domain  positioned  in 
proximity  to  the  selected  intersection  between 
the  respective  paths.  A  separate  control  grid  is 
utilized  to  position  the  control  domain  at  the 
desired  intersection  point.  Also  realized  are 
arrangements  for  controllably  delaying  and  for 
selectively  routing  the  control  domains  in  accord¬ 
ance  with  information  domains  propagated  in  separ¬ 
ate  control  channels  in  a  flow  chart  arrangement . 

3,755,796,  filed  6/30/71,  issued  8/28/73 
A.  J.  Griest,  Jr. 

"Cobalt-Platinum  Group  Alloys  Whose  Anisotrophy 
is  Greater  Than  Their  Demagnet izable  Field  for 
Use  as  Cylindrical  Memory  Elements" 

A  magnetic  cylindrical  domain  memory  element 
and  array  comprising  a  f err o -magnet ic ,  metallic, 
cobalt  base,  hexagonal,  single  crystal  alloy  having 
anisotropic  characteristics,  means  for  creating 
magnetic  domains  in  the  alloy  and  means  for  main¬ 
taining  and  manipulating  the  domains  in  the  alloy. 

The  alloy  is  composed  of  more  than  50  percent 
cobalt  and  contains  an  addition  element  depressing 
the  saturation  magnetization  field  of  the  cobalt, 
but  stabilizing  the  hexagonal  phase  of  the  cobalt 
to  a  high  temperature.  This  improvement  is 
achieved  without  materially  changing  the  magneto¬ 
crystalline  anisotropy  inherent  in  the  hexagonal 
cobalt  structure.  The  addition  elements  include 
ruthenium,  rhenium,  osmium,  rhodium,  iridium, 
silicon,  germanium,  arsenic,  and  platinum. 

3,757,314,  filed  2/24/72,  issued  9/4/73 
N.  Homma,  S.  Yoshizawa,  and  Y.  Noro 
"Magnetic  Bubble  Decoder" 

A  magnetic  bubble  decoder  employs  forward  magnetic 
bubble  paths  each  forming  a  magnetic  bubble  shift  loop, 
backward  magnetic  bubble  paths,  series  switches  disposed 
in  the  forward  bubble  paths,  for  straight  advancing 
the  magnetic  bubbles  and  parallel  switches ,  disposed  in 
said  forward  bubble  paths,  for  branching  the  magnetic 
bubbles  from  said  forward  paths  to  the  backward  paths. 
Control  lines  are  provided  for  alternatively  energizing 
the  series  and  parallel  switches  to  be  operated  in 
cooperation  with  each  other  with  response  to  coded 
electrical  signals  applied  to  the  control  lines .  A 
magnetic  bubble  output  corresponding  to  the  applied 
coded  electrical  signal  is  generated  from  the  shift 
loop  of  a  specific  address. 


A  cylindrical  magnetic  domain  propagating  and  logic 
circuit  capable  of  retaining  and  propagating  domains  in  3,760,385,  filed  6/30/71,  issued  9/18/73 
response  to  a  rotating  magnetic  field,  in  which  the  j.  d.  Bierlein 

propagating  and  logic  circuit  comprises  an  arrangement  "Optical  Scanner" 
of  Y-shaped  patterns  of  thin  film  soft  magnetic  material. 

The  Y-shaped  patterns  have  various  size  strokes  and  are  In  certain  optically  transparent  f errimagnetic  and 

positioned  to  effect  various  logic  functions  depending  ferromagnetic  crystal  plates  wherein  the  easy  axis  of 
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magnetization  is  normal  to  the  plate,  reversed  cylindrical  corresponding  to  the  memory  word  tag  bits  and  the 
magnetic  domains  can  be  generated  and  maintained  in  a 
stable  but  mobile  condition.  Tracks  defined  by  bands 
of  magnetic  material  along  which  a  magnetic  gradient  is 
generated  can  be  employed  to  move  the  bubble  domains 
while  maintaining  their  optically  accessible  area  sub¬ 
stantially  constant.  Polarized  light  passing  through 
the  plate  is  passed  through  an  analyzer  set  to  distinguish to  the  domain  in  said  first  location.  However, 


domains  corresponding  to  the  search  word  causes 
corresponding  bits,  represented  by  the  presence 
or  absence  of  domains,  of  said  tag  bits  and 
search  word  to  simultaneously  appear  adjacent  to 
said  first  location.  If  the  adjacent  bits  are 
identical  no  resultant  repelling  force  is  applied 


the  differing  rotation  of  light  in  the  domain  by  the 
Faraday  effect.  In  one  embodiment,  a  scanner  with  a 
spiral  track  is  used  to  record  electrical  signals, 
such  as  audio  signals  on  photosensitive  media,  and  to 
play  back  the  same.  The  intensity  of  the  light  passing 
the  scanner  can  be  modulated  or  the  area  of  the  reversed 
cylindrical  domain  can  be  modulated  to  provide  either 
density  modulation  or  area  modulation  in  the  recording 
process. 


if  the  adjacent  bits  are  not  identical,  i.e. , 
one  adjacent  location  contains  a  domain  whereas  the 
other  adjacent  location  does  not  contain  a  domain, 
a  resultant  repellant  force  causes  the  domain  in 
said  first  location  to  move  away  from  said  first 
location.  After  the  circulation  is  complete, 
the  existence  of  a  domain  in  said  first  location, 
indicates  that  the  search  word  is  the  same  as  the 
tag  bits  in  the  storage  area  near  the  first  location. 


3,760,386,  filed  7/27/72,  issued  9/18/73 
F.  Quadri 

"Magnetic  Domain  Logic  Decoder" 

Gate  for  directing  propagation  of  bubble  domains 
entering  an  intersection  of  propagation  channels 
comprises  a  pair  of  closed  loop  channels,  one  within  the 
other,  the  outer  loop  having  a  bubble-holding  position 
adjacent  said  intersection.  Selection  of  one  channel  at 
the  intersection  is  made  by  transferring  bubbles  from 
the  inner  to  the  outer  loop,  causing  a  bubble  to  be 
positioned  adjacent  said  intersection,  thus  deflecting 
a  bubble  entering  the  intersection  into  the  desired 
route. 


3,760,387,  filed  6/22/72,  issued  9/18/73 
H.  Chang  and  G.  J.  Fan 

"Magnetic  Bubble  Domain  System  Using  Multiple 
Magnetic  Sheets" 

A  magnetic  bubble  domain  system  in  which  a  single 
magnetic  sheet,  or  a  plurality  of  magnetic  sheets,  is 
used  only  for  storage  of  information,  while  another 
magnetic  sheet  (memory  sheet)  is  used  for  writing  in¬ 
formation  into  the  storage  magnetic  sheet  and  for  read¬ 
ing  information  from  the  storage  magnetic  sheet.  The 
memory  sheet  contains  circuitry  for  such  functions  as 
generation,  decoding,  sensing,  clearing,  storage,  etc. 
The  memory  sheet  can  be  positionally  displaced  with 
respect  to  the  storage  sheet  to  create  bubble  domains 
in  the  storage  sheet  and  to  detect  the  presence  and 
absence  of  domains  in  the  storage  sheet.  Means  are 
provided  to  directly  map  information  from  the  storage 
sheet  to  the  memory  sheet.  Thus,  this  magnetic  sub¬ 
system  provides  storage  in  a  first  magnetic  sheet 
while  the  transducer  circuits  are  in  a  second  magnetic 
sheet  which  can  be  positionally  displaced  with  respect 
to  the  first  magnetic  sheet  for  access  of  information 
into  and  from  the  first  magnetic  sheets. 


3,760,390,  filed  5/9/72,  issued  9/18/73 
H.  Murakami 

"Cylindrical  Domain  Associative  Memory  Apparatus" 

An  associative  memory  utilizing  magnetic 
domain  storage  for  selecting  a  stored  memory  word 
in  response  to  an  interrogating  search  word.  A 
search  word  is  compared  to  the  tag  bits  of  all 
memory  words  by  proximately  circulating  magnetic 
domains  corresponding  to  the  memory  word  compari¬ 
son  process,  there  is  a  sixigle  domain  placed  in  a 
first  location.  The  circulation  of  the  domains 


3,763,477,  filed  8/2/71,  issued  10/2/73 
L.  Caron 

"Magnetic  Domain  Logic  Control  Arrangement" 

A  magnetic  domain  logic  control  arrangement 
utilizing  the  timed  relationship  of  domains  along 
a  channel  is  realized  by  a  magnetically  soft  over¬ 
lay  geometry  which  controls  the  movement  of  single 
wall  domains  in  a  slice  of  magnetic  material  in  re¬ 
sponse  to  a  reorienting  magnetic  field.  The  overlay 
geometry  defines  a  channel  essentially  doubled  back 
upon  itself  to  form  sections.  A  number  of  inter¬ 
action  points  are  spaced  along  the  channel  in  such 
a  manner  that  the  coincidence  of  domains  at  any 
interaction  point  is  a  function  of  the  distance 
between  those  domains.  Auxiliary  channels  are  ar¬ 
ranged  such  that  upon  domain  coincidence  propaga¬ 
tion  occurs  along  an  auxiliary  channel  thereby  con¬ 
trolling  any  one  of  a  number  of  functions  associated 
with  the  respective  auxiliary  channels. 


3,763,478,  filed  6/27/72,  issued  10/2/73 
S.  Yoshizawa,  I.  Mikami,  G.  Kamoshita,  and  N.  Saito 
"Driving  System  in  Magnetic  Single  Wall  Domain  Device" 

In  a  magnetic  domain  device  in  which  T-bar  patterns 
made  of  permalloy,  etc.  are  formed  on  a  magnetic  film 
for  producing  magnetic  single  wall  domains  and  a  rotat¬ 
ing  magnetic  field  is  generated  in  said  magnetic  film 
to  transfer  a  magnetic  domain,  a  driving  system  includes 
the  connections  of  resonating  capacitors  and  X  and  Y 
coils  for  forming  a  rotating  magnetic  field.  The 
driving  power  for  the  device  is  much  reduced  by  reson¬ 
ating  the  circuits  comprising  the  coils  and  the  capacitor 
at  the  frequency  of  the  power  source. 


3,765,004,  filed  8/2/71,  issued  10/9/73 
L .  Caron 

"Magnetic  Domain  Serial-to-Parallel  Arrangement" 

A  magnetic  domain  serial-to-parallel  converter  is 
realized  by  a  magnetically  soft  overlay  geometry  which 
controls  the  movement  of  single  wall  domains  in  a 
slice  of  magnetic  material  in  response  to  a  reorienting 
magnetic  field.  The  overlay  geometry  defines  an  input 
channel  along  which  domains  are  serially  propagated. 

A  second  channel  is  arranged  parallel  to  the  input 
channel  and  is  constructed  such  that  a  domain  propa¬ 
gated  therealong  will  be  coincident  with  consecutive 
ones  of  the  domains  propagated  serially  along  the  input 
channel.  At  each  coincident  point  the  coincident  input 
channel  domain  is  moved  to  an  auxiliary  channel  for 
propagation  therealong. 
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3,766,534,  filed  11/15/72,  issued  10/16/73 
W.  F.  Beausoleil  and  B.  E.  Phelps 
"Shift  Register  Storage  Unit  with  Multi-Dimensional 
Ordering" 

A  data  storage  unit  in  which  words  of  data  including 
the  word  addresses  are  stored  in  groups  of  shiftable 
matrices,  the  groups  of  matrices  being  operable  on  a 
signal  requesting  access  to  repetitively  shift  their 
contents  to  other  matrix  positions  in  various  loops, 
some  of  which  include  a  position  from  which  a  word  may 
be  accessed  and  some  of  which  exclude  the  access  position 
The  bits  in  a  data  word  are  distributed  among  groups  of 
matrices,  each  group  generally  containing  only  one  bit 
of  a  given  word.  Each  group  is  logically  divided  into 
a  plurality  of  sectors,  with  each  sector  containing  bits 
from  several  words.  Controls  are  provided  for  varying 
the  shifting  in  the  various  loops  such  that  the  positions 
of  some  or  all  of  the  sectors  are  dynamically  reordered 
so  that  the  proximity  of  each  of  the  sectors  to  the 
access  position  is  approximately  or  exactly  the  order 
in  which  they  were  last  requested,  thus  reducing  average 
access  time  in  programs  involving  considerable  repeated 
reference  to  a  limited  group  of  sectors  and/or  words  in 
the  memory,  and  substantially  reducing  worst-case  access 
time  for  all  situations. 

3,772,661,  filed  3/31/71,  issued  11/13/73 
S.  Oshima,  T.  Watanabe,  and  H.  Ishihara 
"Control  System  for  Magnetic  Bubbles" 


3,778,789,  filed  8/7/72,  issued  12/11/73 
T.  Watanabe  and  H.  Ishihara 

"High-speed  Transmission  System  for  Magnetic  Bubbles" 

A  transmission  system  for  magnetic  bubbles 
in  a  magnetic  plate  by  use  of  a  number  of  hold 
sections  closely  disposed  on  the  magnetic  plate, 
in  which  the  hold  sections  are  drive  sections 
excited  by  three  phase  drive  currents.  The  drive 
sections  are  formed  into  a  cascade  arrangement 
of  a  plurality  of  unit  circulating  loops,  each 
of  which  comprises  three  drive  sections  excited 
respectively  by  the  threephase  drive  currents 
and  disposed  adjacently  to  one  another,  so  that 
a  magnetic  bubble  circulates  in  each  of  the  unit 
circulating  loops  while  a  magnetic  bubble  held 
in  a  drive  section  (excited  by  a  drive  current 
of  phase  I  by  way  of  example)  of  a  unit  circulating 
loop  can  be  shifted  to  a  drive  section  (excited 
by  a  drive  current  of  phase  II  succeeding  to  the 
phase  I)  of  an  immediately  adjacent  circulating 
loop.  If  an  input  magnetic  bubble  is  applied 
to  one  of  the  unit  circulating  loops,  an  output 
magnetic  bubble  can  be  simultaneously  obtained 
from  another  of  the  unit  circulating  loops  by 
successive  shift  of  magnetic  bubbles  from  a  preceding 
one  to  a  succeeding  one  of  the  unit  circulating 
loops.  The  drive  sections  may  be  formed  into 
an  alternate  cascade  arrangement  of  the  unit  circula¬ 
ting  loops  and  auxiliary  drive  sections. 


A  system  for  controlling  magnetic  bubbles  in  a  thin 
magnetic  plate  comprises  a  plurality  of  drive  loops  dis¬ 
posed  in  close  relationship  to  the  magnetic  plate  and 
driven  by  polyphase  drive  currents  to  effect  controlled 
movement  of  magnetic  bubbles  contained  in  the  magnetic 
plate.  The  drive  loops  have  a  hexagonal  shape  with  six 
sides  so  that  a  magnetic  bubble  may  be  accepted  by  each 
drive  loop  along  one  of  three  possible  directions  which 
are  spaced  apart  at  120°  intervals  and  may  be  transmitted 
therefrom  along  one  of  another  three  possible  directions 
which  are  spaced  60  from  respective  ones  of  the  first- 
mentioned  three  possible  directions. 

3,774,182,  filed  8/15/72,  issued  11/20/73 
J.  A.  Copeland,  III 

"Conductor-Pattern  Apparatus  for  Controllably  Inverting 
the  Sequence  of  a  Serial  Pattern  of  Single-Wall  Magnetic 
Domains" 

A  circuit  for  controllably  inverting  the  sequence 
of  a  serial  pattern  of  single-wall  magnetic  domains  is 
implemented  by  offsetting  or  "phasing"  opposing  serrations 
on  the  sides  of  a  serrated  groove  which  is  superimposed 
by  a  serpentine  conductor  pattern  that  defines  a  serial 
string  of  enhanced  propagation-pulse  write  circuits  on 
both  sides  of  the  groove.  A  propagating  pattern  of 
domains  on  one  side  of  the  groove  is  displaced  to  the 
opposite  side  of  the  groove  in  response  to  an  enhanced 
propagation  pulse,  thereby  reversing  the  direction  and 
inverting  the  sequence  of  domain  propagation. 

3,778,788,  filed  11/24/72,  issued  12/11/73 
A.  H.  Bobeck,  J.  A.  Copeland,  III,  and  R.  Wolfe 
"Single  Wall  Domain  Propagation  Arrangement" 

Domain  propagation  along  a  path  defined  by 
a  straight  line  conductor  is  achieved  by  driving 
domains  back  and  forth  across  the  conductor  against 
the  edges  of  regions  forbidden  to  the  domains. 

By  angling  the  edges  of  the  regions  with  respect 
to  the  axis  of  the  conductor  and  by  offsetting 
those  edges  associated  with  one  edge  of  the  conductor 
with  respect  to  those  associated  with  the  other, 
the  back  and  forth  motion  is  translated  into  movement 
along  the  axis. 


3,780,312,  filed  12/30/71,  issued  12/18/73 
Y.  S.  Lin  and  Y.  L.  Yao 

"Threshold  Logic  Using  Magnetic  Bubble  Domains" 

A  threshold  logic  device  is  provided  using 
magnetic  bubble  domains.  The  presence  and  absence 
of  bubble  domains  are  the  logic  inputs  to  the 
device  and  the  logic  gate  itself  is  comprised 
of  a  plurality  of  series  connected  sensing  elements. 
Magnetoresistive  sensing  devices  are  particularly 
suitable.  Each  sensing  element  is  given  a  particular 
geometry  or  thickness  in  order  to  achieve  weighting 
of  the  logic  inputs.  The  threshold  of  the  device 
is  internal  in  an  associated  detector  and  can 
be  varied  by  changing  the  measuring  current  through 
the  sensing  elements  in  the  case  of  magnetoresistive 
sensing  elements.  Depending  on  the  sum  of  the 
weighted  inputs  being  at  least  equal  to  the  threshold 
value,  or  less  than  this  value,  the  binary  output 
of  the  device  will  be  one  or  zero,  respectively. 


3  *781,832,  filed  12/20/71,  issued  12/25/73 
G.  S.  Almasi,  R.  J.  Hendel,  and  G.  E.  Keefe 
"Magnetoresistive  sensing  of  Magnetic  Bubble  Domains 
Using  Expansion" 

An  improved  magnetoresistive  sensing  device 
for  detection  of  cylindrical  magnetic  domains  (bubble 
domains)  in  which  the  domains  are  expanded  before 
being  sensed.  The  sensing  element  is  magnetically 
soft  material,  such  as  permalloy,  located  in  flux¬ 
coupling  proximity  to  bubble  domains  which  exist 
in  a  magnetic  sheet.  Current  through  the  sensing 
element  aids  in  the  bubble  domain  expansion  and 
does  not  impede  bubble  domain  motion  even  though 
it  is  of  large  magnitude.  Due  to  the  expansion, 
a  greater  output  signal  is  achieved.  The  structure 
also  is  useful  in  providing  bubble  domain  annihilation 
after  sensing.  This  eliminates  the  usual  time 
delay  in  moving  the  domain  to  an  annihilator  circuit 
for  destruction  and  also  eliminates  the  need  for 
a  separate  annihilator  circuit. 
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3,781,833  ,  filed  8/29/72,  issued  12/25/73 
J.  E.  Geusic 

"Single  Wall  Magnetic  Domain  Generator" 

Improved  operating  margins  are  exhibited  by 
a  conductor  driven,  single  wall,  magnetic  domain 
generator  because  of  the  geometry  of  the  conductor 
and  its  disposition  with  respect  to  the  magnetically 
soft  elements  which  define  the  generator  and  the 
propagation  circuitry. 

3.786.445,  filed  7/3/72,  issued  1/15/74 

I.  T.  Ho  and  J.  Riseman 

"Integrated  Magnetic  Bubble  and  Semiconductor  Device" 

A  magnetic  bubble  device  and  its  associated 
read,  write,  propagation,  sensing,  addressing, 
driving,  timing  and  control  elements  are  combined 
in  a  unitary  magnetic  sheetsemiconductor  structure. 

3.786.446,  filed  9/12/72,  issued  1/15/74 
P.  I.  Bonyhard 

"Single  Wall  Domain  Coding  Circuit" 

A  number  of  field  access,  magnetic  bubble 
propagation  channels  are  connected  to  a  single 
magneto-resistance  detector  by  a  binary  coded  intern- 
connection  circuit.  The  circuit  is  operative  to 
retard  bubbles  in  ones  of  the  channels  with  respect 
to  others  while  laterally  expanding  those  which 
are  not  retarded.  The  latter  provide  improved 
signal  levels . 

3.786.447,  filed  9/22/72,  issued  1/15/74 
F.  Yamauchi 

"Information  Propagation  Path  Switching  Device" 

Magnetic  domains  are  switched  between  adjacent 
propagation  paths  by  varying  the  perpendicular 
magnetic  field  applied  to  a  sheet  of  domain  holding 
material  when  the  domain  is  at  a  junction  of  two 
propagation  paths.  The  propagation  paths  are  formed 
by  soft  patterned  magnetic  material  on  the  surface 
of  the  sheet.  At  the  junction  point  the  domain 
will  move  to  one  of  two  possible  further  points 
which  are  located  respectively  in  the  first  and 
second  propagation  paths.  The  said  two  further 
points  are  located  with  respect  to  said  junction 
point  so  that  the  movement  of  the  domain  to  one 
or  the  other  depends  upon  the  size  of  the  domain, 
which  in  turn  is  controlled  by  the  magnetic  field 
applied  perpendicular  to  the  sheet. 

3.786.452,  filed  9/28/72,  issued  1/15/74 

J.  E.  Geusic 

"Single  Wall  Domain  Generator" 

The  number  of  magnetic  bubbles  generated  thermally 
by  a  pulsed  laser  beam  has  been  found  to  be  a  function 
of  the  diameter  of  the  beam  leading  to  a  useful 
bubble  generator. 

3.786.453,  filed  12/24/72,  issued  1/15/74 
A.  H.  Bobeck 

"Magnetic  Single  Wall  Domain  Expansion  Circuit" 

A  conductor  access  bubble  expansion  and  propaga¬ 
tion  arrangement  is  realized  by  interleaving  the 
legs  of  a  sinusoid-shaped  conductor  with  narrow 
regions  of  relatively  low  moment  material  defined 
in  a  layer  in  which  domains  can  be  moved.  Elongated 
low  moment  regions  permit  domain  expansion  in  response 
to  drive  pulses  applied  to  the  conductor  whereas 
a  variation  in  the  lengths  of  consecutive  regions 
allows  first  growth  and  the  reduction  of  the  length 
of  domains  to  a  normal  operating  size  as  a  domain 
is  advanced  along  the  axis  of  the  sinusoid.  A  bubble 


expansion  arrangement  suitable  for  bubble  detection 
and  for  a  turn  geometry  for  a  closed  loop  bubble 
channel  results. 

3,786,455,  filed  7/3/72,  issued  1/15/74 
H.  R.  Grubb  and  L.  C.  Liebschutz 
"Magnetic  Domain  Decoder /Encoder  Device" 

The  decoder/encoder  comprises  plural  parallel 
magnetic  domain  compressor  circuits.  All  the  idler 
cells  of  the  compressor  circuits  are  initially  filled 
with  a  magnetic  domain.  Decode  circuit  drivers 
which  include  current  loops  associated  with  selected 
idler  stages  are  operated  to  trap  domains  in  accordance 
with  a  code  pattern.  A  domain  output  is  obtained 
from  the  compressor  circuits  having  no  domains  trapped 
in  idler  cells  while  the  compressor  circuits  having 
domains  trapped  therein  do  not  provide  a  domain 
output  to  a  detector  circuit. 

3,787,825,  filed  11/6/72,  issued  1/22/74 
F.  A.  DeJonge 
"Magnetic  Domain  Store" 

A  magnetic  store  comprising  a  plate  of  magnetic 
material  which  has  a  compensation  temperature  for 
magnetization,  and  in  which  domains  are  situated 
in  one  of  two  possible  positions  of  functionally 
determined  bit  locations.  The  displacement  of  a 
domain  from  a  first  position  to  a  second  position, 
or  vice  versa,  is  effected  under  the  influence  of 
a  thermal-energy  carrying  beam,  which  can  be  positioned 
on  at  least  one  of  the  bit  locations  at  a  time. 

When  the  bit  locations  are  heated,  the  section  of 
a  domain  becomes  strip-like.  During  cooling  a  magnetic 
field  is  applied  which  has  a  direction  such  that 
the  relevant  domain,  assuming  its  original  shape 
again,  will  be  situated  in  the  desired  position 
of  the  two  possible  positions.  Detection  of  the 
information  contents  is  effected  by  means  of  light, 
which  is  transmitted  through  a  mask  which  covers 
half  the  area  of  each  bit  location.  The  first  and 
second  domain  positions  are  defined  by  elements 
of  a  readily  magnetizable  material  or  by  an  additional 
plate  which  is  filled  with  domains. 


3,789,373,  filed  11/6/72,  issued  1/29/74 
P.  I.  Bonyhard 

"Magnetic,  Single  Wall  Domain,  or  Logic  Using  Chevron 
Domain  Propagating  Elements" 

Magnetic  single  wall  domain  expanders  in 
adjacent  domain  propagation  channels  are  edgemerged 
into  a  common  detector  stage  so,  that  a  domain 
from  any  of  the  channels  is  electrically  detectable 
at  that  stage.  A  domain  compressor  provides  magnetic 
output.  The  channels  in  one  embodiment  are  control- 
memory-gated  outputs  from  different  stages  of  a 
shift  register  that  is  operable  in  a  time  slot  inter¬ 
changing  mode. 


3,789,375,  filed  11/3/72,  issued  1/29/74 

Y-S.  Chen,  J.  E.  Geusic,  T.  H.  Nelson,  and  H.  M. 

Shapiro 

"Single  Wall  Domain  Nucleator" 

A  new  mechanism  for  bubble  domain  generation 
permits  nucleation  with  less  power  than  previously 
expected.  A  nucleation  pulse  of  a  particular 
form  enables  the  mechanism  to  be  employed  without 
reducing  the  effective  difference  between  the 
propagation  and  nucleation  thresholds  which  im¬ 
part  stability  to  bubble  arrangements. 
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3,790,405,  filed  7/16/71,  issued  2/5/74 
H.  J.  Levinstein 

"Controlled  Epitaxial  Growth  from  Supercooled 
Nutrient -Flux  Solution" 

Controlled  growth  of  epitaxial  layers  of 
a  variety  of  structures  including  garnet,  spinel, 
and  corundum  are  grown  out  of  supercooled  nutrient- 
flux  solutions.  Controlled  growth,  both  of  composi¬ 
tion  and  physical  characteristics,  is  attributed 
to  the  conditions  that  make  the  procedure  primarily 
diffusion  (rather  than  atomic  kinetic)  controlled. 

Such  conditions  include  high  dilution  of  nutrient 
and  high  viscosity  of  the  solution. 

3,790,935,  filed  3/26/71,  issued  2/5/74 
P.  B.  Luff 

"Bubble  in  Low  Coercivity  Channel" 

The  surface  of  a  magnetic  oxide  layer,  or 
platelet,  has  one  or  more  cavities  formed  therein. 

The  cavities  extend  in  a  predetermined  pattern 
and  the  bottom  of  each  cavity  has  a  coercivity 
lower  than  the  coercivity  at  the  surface  of  the 
layer.  Thus  magnetic  domains  follow  the  pattern 
of  a  cavity.  A  cavity  may  be  formed  with  a  base 
surface  and  at  least  one  intermediate  surface 
which  has  a  coercivity  intermediate  the  bottom 
or  base  surface,  and  the  outer  surface.  The  bottom 
of  a  cavity  can  be  given  a  stepped  formation  to 
provide  positive  domain  locations  along  a  cavity. 

3,792,450,  filed  5/8/72,  issued  2/12/74 

J.  E.  Bogar,  J.  K.  Bragg,  and  G.  H.  Hare 

"System  for  Overcoming  Faults  in  Magnetic  Anisotropic 

Material" 

Mass  memories  using  magnetic  domain  storage 
devices  suffer  from  the  large  number  of  flaws  found 
in  the  storage  medium.  This  invention  comprises 
a  system  for  identifying  and  isolating  those  channels 
in  a  mass  memory  medium  which  contain  flaws  and  for 
controlling  the  storage  of  information  in  the  medium 
to  avoid  those  channels.  The  system  comprises  the 
storage  material  having,  in  addition  to  the  normal 
information  storage  registers,  additional  registers 
which  contain  the  identification  of  those  storage 
channels  which  contain  flaws.  This  identification 
is  in  the  form  of  bits  of  data  whose  movements  are 
synchronized  with  the  movements  of  the  information 
stored  in  the  memory,  and  which  identification  blocks 
the  transfer  of  information  into  defective  channels. 
During  the  initial  testing  of  the  mass  memory,  informa¬ 
tion  is  stored  in  each  of  the  information  storage 
channels,  and  that  information  is  subsequently  read 
out.  The  information  which  is  read  out  is  used  as 
a  word  in  a  separate  channel  identification  regis¬ 
ter  to  identify  those  channels  which  do  not  contain 
flaws.  The  information  stored  in  the  channel  identifica¬ 
tion  register  is  read  during  normal  circulation  of 
information  through  the  transfer  loop,  and  the  presence 
of  channel  identification  in  that  register  opens 
loading  gates  to  permit  the  loading  of  information 
into  good  channels  and  to  prevent  the  loading  of 
information  into  defective  channels. 

3,792,452,  filed  6/10/71,  issued  2/12/74 

M.  Dixon,  R.  A.  Moline,  J.  C.  North,  L.  J.  Varnerin,  Jr., 

and  R.  Wolfe 

"Magnetic  Devices  Utilizing  Ion-Implanted  Magnetic 
Materials" 

Magnetic  anisotropy  in  oxidic  magnetic  materials 
is  altered  by  strain  which  is  induced  by  local  expansion 
of  the  lattice  through  ion  implantation.  This  compres- 
sional  strain  in  the  instance  of  a  material  having 


positive  magnetostriction  may  result  in  an  enhanced 
magnetic  easy  direction  normal  to  a  major  surface. 
Exemplary  rare  earth  iron  garnet  materials  have  been 
so  processed  as  to  result  in  a  thin  surface  region 
having  appropriate  magnetic  properties  for  incorporation 
in  "bubble"  devices. 

3.793.639,  filled  6/28/72,  issued  2/19/74 
U.  E.  Enz  and  F.  A.  De  Jonge 

"Device  for  the  Magnetic  Storage  of  Data" 

A  device  for  the  magnetic  recording  of  information 
in  which  information  is  written  on  a  magnet isable 
medium  by  means  of  the  external  field  of  a  stable 
cylindrical  magnetic  domain  which  is  supported  by 
a  plate  of  a  magnetic  material  having  an  easy  axis 
of  magnetisation  which  extends  normal  to  the  plane 
of  the  plate.  For  writing  a  number  of  tracks  present 
one  beside  the  other  on  the  medium,  the  plate  may 
comprise  one  stable  cylindrical  magnetic  domain  per 
track  to  be  written. 

3.793.640,  filed  7/3/72,  filed  2/19/74 
J.  A.  L.  Potgiesser 

"Device  for  the  Magnetic  Domain  ’Bubble1  Storage  of 
Data" 

A  device  for  the  magnetic  storage  of  information 
in  which  information  is  written  on  a  magnetizable 
medium  by  means  of  the  external  field  of  a  stable 
magnetic  domain  which  is  supported  by  a  plate  of  a 
magnetic  material  having  an  easy  axis  of  magnetization 
which  is  normal  to  the  plane  of  the  plate.  For  record¬ 
ing  a  number  of  juxtaposed  tracks  on  the  medium,  the 
plate  may  comprise  one  stable  magnetic  domain  per 
track  to  be  recorded. 

3,797,001,  filed  8/7/72,  issued  3/12/74 
Y-S.  Chen,  J.  E.  Geusic  and  T.  J.  Nelson 
"Single  Wall  Domain  Propagation  Arrangement" 

Field  access,  single  wall  domain  propagation 
arrangements  include  channels  defined  by  embossed 
permalloy  layers.  Lower  drive  fields  and  increased 
design  flexibility  result. 

3,797,002,  filed  11/16/72,  issued  3/12/74 
D.  T.  Brown 

"Dynamically  Double  Ordered  Shift  Register  Memory" 

This  specification  discloses  a  memory  made  up 
of  a  plurality  of  bidirectional  shift  registers  capable 
of  being  accessed  at  either  end.  Each  shift  register 
stores  only  one  bit  of  every  page  of  data  stored  in 
the  memory  so  that  all  the  bits  of  any  one  page  can 
be  read  out  contemporaneously  by  accessing  the  shift 
registers  in  parallel.  All  the  pages  stored  in  the 
memory  are  divided  into  two  groups  with  all  the  pages 
of  one  group  being  accessed  at  one  end  of  the  shift 
registers  while  all  the  pages  of  the  other  group  are 
accessed  at  the  other  end  of  the  shift  registers. 

Within  each  group  the  pages  are  arranged  in  order 
of  last  use  with  the  most  recently  used  page  located 
closest  to  the  end  of  the  shift  register  at  which 
it  is  being  accessed. 

3,798,622,  filed  6/28/72,  issued  3/19/74 

T.  H.  O’Dell 

"Binary  Memory  Devices" 

A  memory  device  consists  of  a  material  containing 
bubble  domains,  the  state  of  the  memory  being  determined 
by  the  polarity  of  the  bubble  domains.  Use  of  a  trans¬ 
parent  material  containing  bubble  domains  is  described, 
readout  being  obtained  from  an  image  of  the  domains 
formed  in  polarised  light. 
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3,803,564,  filed  2/27/73,  issued  4/9/74 
H.  Murakami 

"Multimatch  Processing  System  with  Cylindrical  Magnetic 
Domain  Elements" 

A  multimatch  processor  for  an  associative 
memory  consisting  of  bubble  domain  circuits. 

A  bubble  compressor  consisting  of  a  plurality 
of  bubble  idlers  positioned  adjacent  to  one  another 
is  filled  with  domains  except  for  specified  positions 
corresponding  to  an  input  word.  An  input  word, 
representing  the  matches  of  an  associative  memory 
search,  is  entered  into  the  specified  positions. 

The  input  word  is  successively  compressed  by  forcing 
a  bubble,  one  each  compression  step,  into  the 
specified  position  which  is  (1)  unfilled,  and 
(2)  nearest  one  end  of  the  compressor.  Compression 
is  accomplished  by  having  a  bubble  generator  transfer 
a  bubble  to  one  end  of  the  compressor,  thereby 
causing  all  bubbles  between  the  generator  and 
the  nearest  unfilled  position  to  move  by  one  position. 
Each  successive  compressed  word  differs  from  the 
preceding  word  in  only  one  bit  position  -  the 
bit  position  filled  by  the  latest  step  of  compression. 
Each  successive  compressed  word  is  compared  in 
a  bubble  domain  Exclusive  —  OR  circuit  resulting 
in  a  single  output.  The  successive  outputs  represent 
the  bits  of  the  original  word  that  designate  word 
matches  from  the  associative  memory  search. 

3,806,899,  filed  4/10/72,  issued  4/23/74 
J.  H.  Myer 

"Magnetoresistive  Readout  for  Domain  Addressing 
Interrogator" 

There  are  disclosed  digital  data  processing  and 
memory  devices  wherein  the  detection  of  one  or  more 
cylindrical  uniaxial  magnetic  domains  each  repre¬ 
senting  a  stored  bit  of  digital  data  in  a  first  crys¬ 
tal  platelet  or  sheet  of  magnetic  material  is  accom¬ 
plished  by  detecting  the  presence  or  absence  of  a 
corresponding  cylindrical  uniaxial  magnetic  domain 
in  a  second  associated  crystal  platelet  or  sheet  of 
magnetic  material  which  is  positioned  in  magnetically 
coupled  relation  to  the  first  so  that  the  resulting 
magnetic  field  produced  by  the  coaction  of  the  two 
domains  is  in  turn  detectable  by  an  appropriately 
positioned  thin  film  magnetoresistive  element,  the 
resistance  of  which  varies  in  accordance  with  the 
vector  relation  between  the  current  flow  in  the 
magnetoresistor  and  the  magnetic  field  traversing  it. 

3,806,901,  filed  8/2/72,  issued  4/23/74 
C.  F.  Buhrer 

"Rapid  Access  Cylindrical  Magnetic  Domain  Memory" 

A  cylindrical  magnetic  domain  memory  is  described 
using  a  plurality  of  main  storage  domain  circulating 
loops  around  an  auxiliary  loop.  A  single  cylindrical 
domain  detector  operatively  oriented  at  the  bits  cir¬ 
culated  in  the  auxiliary  loop  provides  an  output  sig¬ 
nal  of  those  domain  bits  accessed  from  the  main  stor¬ 
age  loops  and  after  their  transfer  to  the  auxiliary 
loop.  A  reduction  of  access  time  is  obtained  by 
simultaneously  transferring  a  selected  number  of  pre¬ 
determined  bits  from  the  main  storage  loops  to  the 
auxiliary  loop.  The  bit  length  of  the  auxiliary 
loop  and  transfer  tracks  are  selected  so  that  after 
any  number  of  circulations  around  the  auxiliary 
loop,  all  bits  can  be  returned  in  predetermined 
bit  positions  in  the  main  storage  loops. 

3,806,903,  filed  12/6/71,  issued  4/23/74 
J.  H.  Myer 

"Magneto-Optical  Cylindrical  Magnetic  Domain  Memory" 

This  invention  relates  to  devices  employing  cylin¬ 


drical  magnetic  domains  (commonly  called  bubbles)  in 
a  uniaxially  anisotropic  magnetic  medium  such  as  a 
single  crystal  platelet  for  the  analysis  and  storage 
of  digital  information.  Presence  or  absence  of 
changes  in  the  state  of  polarization  of  polarized 
light  transmitted  through  one  or  more  of  said  trans¬ 
parent  platelets  may  be  detected  to  perform  a  sub¬ 
tractive  comparison  of  an  unknown  signal  comprised  of 
unipolar  bits  with  a  reference  signal  or  to  provide 
readout  signals  from  a  random  access,  large  scale 
nondestructive-readout  memory.  Many  different  logic 
configurations  may  additionally  or  alternatively  be 
incorporated  in  these  devices  by  virtue  of  a  unique 
pattern  of  conductors  used  to  define  bit  storage 
locations  in  the  crystal  platelet  and  magnetic  means 
to  confine  the  magnetic  bubbles  therein. 

3.810.131,  filed  7/18/72,  issued  5/7/74 
A.  Ashkin  and  J.  M.  Dziedzic 

"Devices  Employing  the  Interaction  of  Laser  Light  with 
Magnetic  Domains" 

Focused  laser  light,  when  partially  absorbed 
to  cause  localized  heating  in  low  coercivity  magnetic 
layers  of  the  type  used  in  conventional  bubble  devices, 
is  employed  to  manipulate  bubble  and  strip  magnetic 
domains.  Bubbles  and  strips  are  thermally  nucleated 
or  annihilated  as  well  as  captured  and  moved  about 
freely,  by  an  incident  laser  beam  of  variable  power 
without  the  use  of  outside  connections,  conductor 
loops  or  magnetic  elements.  Bubbles  are  arranged 
in  fixed  arrays  and  propagated  at  high  velocities 
through  well-defined  patterns.  Simplified  memory 
devices  are  disclosed  using  laser  techniques.  There 
is  also  disclosed  a  novel  form  of  reversible  strip 
domain  writing  in  low  coercivity  layers  with  the 
laser  beam.  Each  of  the  disclosed  arrangements 
has  potential  application  to  bubble  devices  and 
to  various  magneto-optical  information  storage, 
processing  and  display  devices. 

3.810.132,  filed  11/24/72,  issued  5/7/74 
A.  H.  Bobeck 

"Integrated  Bubble  Expansion  Detector  and 
Dynamic  Guard  Rail  Arrangement" 

A  magnetic  bubble  expansion  detector  for  a  bubble 
memory  is  incorporated  into  a  dynamic  guard  rail  en¬ 
compassing  that  memory  in  order  to  eliminate  expanded 
bubbles  after  detection  without  shrinking  the  bubbles 
to  normal  size. 

3.810.133,  filed  11/24/72,  issued  5/7/74 
A.  H.  Bobeck  and  I.  Danylchuk 
"Magnetic  Domain  Replicator  Arrangement" 

A  magnetic  bubble  replicate  arrangement,  when 
defined  by  magnetically  soft  elements  which  are  very 
closely  spaced  with  respect  to  one  another,  provides 
a’ variety  of  advantages  such  as  enhanced  operating 
margins  and  permits  a  more  flexible  memory  organiza¬ 
tion. 

3,811,118,  filed  12/22/72,  issued  5/14/74 
A.  E.  Joel.,  Jr. 

"Intermedium  Magnetic  Domain  Logic  Control 
Arrangement" 

In  magnetic  domain  technology,  to  achieve  logic 
operations,  a  magnetically  soft  overlay  is  con¬ 
structed  to  provide  interaction  points  where  a  con¬ 
trol  domain  and  a  controlled  domain,  each  moving  in 
the  same  substrate,  come  into  close  proximity  with 
each  other.  Logic  results  from  the  magnetic  inter¬ 
action  between  the  domains.  An  arrangement  is  dis¬ 
closed  where  the  control  domain  can  be  propagated 
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in  a  substrate  separate  from  the  substrate  in  which 
the  controlled  domain  moves.  In  one  embodiment,  a 
control  domain  is  propagated  to  the  edge  of  the  con¬ 
trolling  substrate,  which  edge  is  mounted  in  close 
physical  relationship  with  the  surface  of  the  sub¬ 
strate  in  which  the  domain  to  be  controlled  is  mov¬ 
ing.  Magnetic  coupling  between  the  domains,  each 
in  different  substrates,  provides  the  necessary 
logic  control. 

3.811.119,  filed  12/29/72,  issued  5/14/74 

G.  S.  Almas i,  B.  E.  Argyle,  and  J.  C.  Deluca 
"Method  for  Generating  Hollow  Magnetic  Bubble 
Domains" 

By  suitably  pulsing  a  coil  overlying  a  magnetic 
film  or  platelet  in  which  magnetic  bubble  domains 
exist,  the  domains  within  the  coil  reverse  their 
magnetization  vectors  with  respect  to  bubble  domains 
in  the  magnetic  material  outside  of  the  coil,  thus 
enabling  the  controlled  generation  of  hollow  bubbles. 

3.811.120,  filed  4/5/73,  issued  5/14/74 
A.  H.  Bobeck 

"Magnetic  Domain  Propagation  Arrangement  having 
Channels  Defined  by  Straight  Line  Boundaries" 

Magnetic  single  wall  domains  are  moved  along  a 
channel  defined  by  a  straight  line  boundary  in 
response  to  a  magnetic  field  rotating  in  the  plane 
of  domain  movement. 


3,812,480,  filed  11/15/72,  issued  5/21/74 
D.  E.  Kish  and  J.  L.  Smith 

"Code  Translator  Employing  Sequential  Memories" 

The  introduction  of  single  wall  domains  (mag¬ 
netic  bubbles)  into  coded  positions  of  a  pair  of 
domain  recirculating  loops  enables  the  provision 
of  control  signals  at  anyone  of  a  number  of  possible 
time  slots  with  relatively  few  external  wiring  con¬ 
nections.  The  transfer  of  a  domain  from  each  loop 
of  the  pair  to  a  control  loop  responsive  to  the 
presence  of  a  domain  in  a  reference  stage  in  each 
loop  permits  the  formation  of  a  two-bubble  code 
in  the  control  loop  for  determining  the  timing 
of  the  signals.  The  three  loops  define  a  practi¬ 
cal  translator  which  can  be  integrated  into  a  sin¬ 
gle  domain  chip. 

3,813,661,  filed  5/29/73,  issued  5/28/74 
I.  Danylchuk,  J.  E.  Geusic,  and  T.  J.  Nelson 
"Single  Wall  Domain  Logic  Arrangement" 

Single  wall  domain  logic  is  achieved  based  on 
bubble-bubble  interaction  with  good  operating  mar¬ 
gins  by  expanding  interacting  domains  to  a  known 
size  as  the  interaction  occurs. 


3,815,107,  filed  6/30/71,  issued  6/4/74 
G.  S.  Almas i 

"Cylindrical  Magnetic  Domain  Display  System" 

A  flat  display  system  using  cylindrical  mag¬ 
netic  domains  existing  within  a  magnetic  sheet, 
such  as  orthoferrite  or  garnet.  Located  on  the 
magnetic  sheet  is  a  propagation  means  correspond¬ 
ing  to  a  horizontal  shift  register  and  a  plurality 
of  vertical  shift  registers  for  transferring  the 
content  of  the  horizontal  shift  register  in  a 
direction  transverse  to  the  data  flow  in  the  hori¬ 
zontal  shift  register.  The  vertical  shift  regis¬ 


ters  are  terminated  with  domain  collapsers.  The 
domain  generator  supplies  domains  serially  into 
the  horizontal  shift  register  in  accordance  with 
an  applied  data  signal.  When  fully  loaded,  the 
contents  of  the  horizontal  register  are  shifted 
in  parallel  by  the  vertical  registers.  This  con¬ 
tinues  until  the  entire  pattern  is  on  the  magnetic 
sheet,  after  which  the  sheet  is  illuminated  by  in¬ 
cident  polarized  light.  An  analyzer  is  used  to 
differentiate  light  which  passes  through  a  domain 
from  that  which  does  not  pass  through  a  domain. 
Consequently,  an  image  corresponding  to  the 
stored  domain  pattern  is  viewed.  Commercial  TV 
applications  are  possible. 

3,820,089,  filed  11/16/71,  issued  6/25/74 
U.  G.  Lama 

"Magnetic  Bubble  Domain  Detection" 

A  magnetic  bubble  domain  detector  comprising 
two  pairs  of  magnetoresistive  elements  connected 
to  form  a  resistance  bridge  circuit.  The  pairs  of 
elements  are  so  arranged,  electrically  and  geom¬ 
etrically  that  a  magnetic  bubble  domain,  in  the 
detecting  position,  affects  two  elements  simul¬ 
taneously.  The  two  elements  are  a  pair  and  the 
elements  are  connected  in  electrical  opposition 
but  are  positioned  geometrically  adjacent.  This 
doubles  the  output  from  the  bridge  circuit  when 
a  bubble  is  at  the  detecting  position.  The  ar¬ 
rangement  of  the  elements  of  a  pair  also  provides 
for  the  reduction  of  extraneous  signals  from 
domains  in  other  positions,  and  for  a  reduction 
in  the  effect  of  the  rotating  field  for  propaga¬ 
ting  the  domains. 

3,820,091,  filed  8/17/72,  issued  6/25/74 
H.  Kohara 

"Magnetic  Domain  Splitter" 

A  pattern  of  ferromagnetic  films  is  provided 
on  each  side  of  a  thin  film  capable  of  supporting 
cylindrical  magnetic  domains.  A  rotating  magnetic 
field  in  the  plane  of  said  thin  film  provides  vari¬ 
able  patterns  of  magnetic  poles  at  the  ends  of  the 
ferromagnetic  films  to  cause  splitting  of  cylindri¬ 
cal  magnetic  domains. 

3,820,092,  filed  1/22/73,  issued  6/25/74 
A.  H.  Bobeck,  F.  J.  Ciak,  and  W.  Strauss 
"Magnetic  Domain  Detector  Arrangement" 

An  enhanced  output  signal  is  provided  by  the 
coupling  of  a  magnetic  bubble  to  a  magnetoresist¬ 
ance  detector  element  when  the  familiar  rotating 
in-plane  drive  field  is  set  at  an  amplitude  such 
that  the  presence  of  a  bubble  results  in  a  change 
in  frequency  in  signal  exhibited  by  the  detector 
element  due  to  the  in-plane  field.  The  largest 
signals  yet  achieved  resulted  from  an  integrated 
expansion  detector,  guard  rail  arrangement  with  a 
meandering  magnetoresistance  element  when  operated 
in  this  manner. 

3,820,093,  filed  2/20/73,  issued  6/25/74 
A.  B.  Smith  and  W.  W.  Goller 
"Method  and  Means  for  Reducing  Domain  Pinning 
in  Magnetic  Wall  Domain  Devices" 

An  alternating  magnetic  field  applied  prefer¬ 
ably  perpendicularly  to  the  magnetic  layer  of  a 
magnetic  wall  domain  device  reduces  the  domain 
pinning  effect  of  defects  in  the  magnetic  layer 
thereby  apparently  reducing  the  coercivity  of  the 
magnetic  material. 
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3,821,725,  filed  9/15/72,  issued  6/28/74 
Y.  Kita,  F.  Inose,  N.  Homma,  and  M.  Yasuda 
"Magnetic  Domain  Circuit  Arrangement" 

A  magnetic  domain  circuit  arrangement  wherein 
the  first  group  of  magnetic  material  patterns  (the 
first  magnetic  domain  circuit)  and  the  second  groups 
of  magnetic  material  patterns  (the  second  magnetic 
domain  circuits)  are  connected  by  electric  conductor, 
the  first  pattern  group  being  formed  by  providing  by 
evaporation  a  number  of  thin  high-permeability  films 
of,  e.g.,  permalloy  and  with  the  shapes  of  T-bar, 

Y-bar  etc.  on  a  substrate  for  magnetic  bubbles,  the 
second  pattern  groups  being  located  at  mutually 
spaced  positions  within  the  same  substrate  as  that 
of  the  first  pattern  group,  and  wherein  magnetic 
bubble-detecting  means  and  current  supply  means 
are  provided  at  one  end  of  said  electric  conductor, 
while  magnetic  bubble-generating  means  is  disposed 
at  the  other  end,  whereby  in  case  where  a  bubble 
is  detected  at  a  predetermined  position  in  said 
first  group  of  magnetic  material  patterns,  a  cur¬ 
rent  flowing  through  said  electric  conductor  is 
supplied  by  the  detection  output  thereof,  so  as  to 
generate  bubbles  at  predetermined  positions  in  said 
second  groups  of  magnetic  material  patterns.  Since, 
with  such  arrangement,  a  number  of  magnetic  domain 
circuits  existing  at  long  distances  from  one  another 
can  be  easily  connected,  a  complicated  logical  cir¬ 
cuit  such  as  a  1  (input) -to-n  (inputs)  logical  sum 
and  logical  product  circuit  can  be  constructed. 

3,824,565,  filed  9/27/72,  issued  7/16/74 
J.  L.  Archer,  L.  R.  Tocci,  and  T.  T.  Chen 
"Multiple  Bar  Bubble  Domain" 

An  improved  generator  device  for  use  in  pro¬ 
ducing  magnetic  bubble  domains  in  a  magnetic  bubble 
domain  apparatus. 

3,824,567,  filed  11/17/72,  issued  7/16/74 
F.  E.  Sakalay 

"Magnetic  Domain  Code  Repeater" 

A  magnetic  domain  (bubble)  device  which  receives  a 
coded  train  (l's  and  0's)  of  input  magnetic  bubbles 
and  continuously  regenerates  identically  coded  trains 
of  output  magnetic  bubbles  until  reset.  A  first  mag¬ 
netic  bubble  propagation  pathway  of  permalloy  T  and 
I  bars  is  provided  for  directing  the  input  coded  bub¬ 
bles  through  a  bubble  interaction  region.  A  second 
propagation  pathway  is  provided  for  directing  a  con¬ 
tinuous  series  of  locally  generated  magnetic  bubbles 
through  the  same  interaction  region.  The  input  bub¬ 
bles  propagate  to  an  output  terminal  when  interaction 
occurs.  The  locally  generated  bubbles  are  directed  to 
a  bubble  annihilator  in  the  absence  of  interaction  and 
are  diverted  to  an  alternate  propagation  pathway  merg¬ 
ing  with  the  first  pathway  in  the  presence  of  inter¬ 
action.  The  input  bubbles  and  the  diverted  locally 
generated  bubbles  are  timed  to  reach  the  interaction 
region  along  the  first  propagation  pathway  simulta¬ 
neously  with  the  arrival  of  respective  locally  gener¬ 
ated  bubbles  to  the  interaction  region  along  the  second 
propagation  pathway.  The  bubble  capacity  of  the  alter¬ 
nate  pathway  is  made  equal  to  the  number  of  the  code 
positions  in  the  input  bubble  train.  Provision  is 
made  for  selectively  intercepting  a  number  of  locally 


generated  magnetic  bubbles  equal  to  said  number  of 
code  positions  for  terminating  the  regeneration  of 
the  input  coded  train. 

3,824,568,  filed  11/24/72,  issued  7/16/74 
R.  F.  Fischer,  P.  H.  Schmidt,  and  E.  G.  Spencer 
"Single  Wall  Domain  Propagation  Arrangement" 

The  deposition  of  an  epitaxial  layer,  in  which 
single  wall  domains  can  be  moved,  on  a  nonplanar  sur¬ 
face  of  a  suitable  substrate  results  in  a  nonplanar 
layer  in  which  the  domains  can  be  moved  in  response 
to  a  rotating  magnetic  field  in  the  absence  of  struc¬ 
tured  magnetically  soft  elements.  An  alternative 
to  the  familiar  T-  and  bar-permalloy  elements  in 
"field  access"  single  wall  domain  devices  results. 


3.824.570,  filed  3/12/73,  issued  7/16/74 
L.  A.  P.  M.  De  Bot 

"Magneto -Optical  Transducer  using  Bubble  Domains" 

A  device  for  converting  image  information  into 
magnetic  information  including  a  light  source  for 
projecting  an  image  of  the  image  information  onto  a 
plate  of  magnetic  material  capable  of  accommodating 
domains.  A  domain  pattern  is  produced  by  the  projec¬ 
tion  of  the  image  information,  as  a  result  of  the 
thermal  action  of  the  incident  light,  which  is  an 
image  of  the  image  information.  Domain  displacement 
means  are  provided  by  means  of  which  the  domain  pat¬ 
tern  thus  obtained  can  be  displaced,  at  least  in 
parts,  for  reading  purposes. 

3.824.571,  filed  3/9/73,  issued  7/16/74 
R.  B.  Clover,  Jr.  and  R.  F.  Waites 
"Magnetic  Bubble  Generation" 

A  magnetic  bubble  generator  device  is  provided 
for  nucleating  magnetic  bubbles  in  a  wafer  of  magnetic 
material.  The  device  includes  an  arrangement  of 
permalloy  elements  which  generate  fringing  magnetic 
fields  near  their  ends  when  the  elements  are  magnetized 
by  an  applied  rotating  magnetic  field.  These  fringing 
fields  penetrate  the  magnetic  wafer,  but  are  not  large 
enough  to  induce  reversal  of  the  direction  of  the 
magnetization  in  the  wafer.  However,  the  device  also 
includes  a  current  line  which  generates  a  magnetic 
field  when  it  is  pulsed,  this  latter  field  adding  to 
the  fringing  fields  in  a  localized  region  of  the  mag¬ 
netic  wafer  to  produce  a  combined  field  in  that  region. 
The  combined  field  is  sufficiently  strong  to  induce  a 
localized  reversal  of  the  direction  of  magnetization 
in  the  magnetic  wafer,  i.e.  to  nucleate  a  magnetic 
bubble.  The  device  may  be  used,  for  example,  to  write 
bits  of  information  into  a  bubble  memory. 


3,824,573,  filed  7/19/73,  issued  7/16/74 
J.  F.  Scarzello 

"Magnetic  Bubble  Resonance  Sensor" 

A  magnetic  sensor  to  sense  the  presence  or 
absence  of  a  bubble  domain  at  selected  locations  in 
a  magnetic  bubble  memory  or  logic  element,  employing 
magnetic  resonance  phenomena  to  sense  the  bubble 
domain . 
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deposition  methods,  174-176 
ferromagnetic  properties,  175 
magnetic  domains,  475 
materials,  198 

Analogous  information  recording,  124-125 
And/Exclusive  Or,  63 
And/Or,  62 
Angelfish  devices 

display  and  printing,  114 
indented  structure,  30 
logic,  31 

permalloy-pattern  structure,  29 
propagation,  29,  32 
switches,  49 
Anisotropy 

energy  constant,  155, 169-170, 172, 176, 199 
growth-induced,  162-163 
stress-induced,  163 
uniaxial,  15, 162-164, 178 
Autonomous  line  scanner,  118-119 

B 

Beam  addressable  files,  111-114 
Bias  field,  15-17,  134, 137, 144 
pulse-modulated,  202 
Bibliography,  621-660 
Bloch  lines 

domain  wall  mobility,  154-159,  458460 
hard  bubble  properties,  147-151,  558-577 
Bubble  circuit  analysis 
see  Circuit  analysis 
Bubble  computers 

see  Digital  computers 
Bubble  compressors 
see  Compressors 
Bubble  crossovers 
see  Crossovers 
Bubble  decoders 
see  Decoders 
Bubble  detection 
see  Detection 
Bubble  device  fabrication 
see  Device  fabrication 
Bubble  device  radiation  effects 
see  Device  radiation  effects 
Bubble  device  reliability 
see  Device  reliability 


Bubble  devices 
see  Devices 

Bubble  display  systems 
see  Display  systems 
Bubble  domains 

see  Bubbles,  Hard  bubbles 
Bubble  domain  walls 
see  Domain  walls 
Bubble  films 
see  Films 
Bubble  fan-ins 
see  Fan-ins 
Bubble  fan-outs 
see  Fan-outs 
Bubble  files 
see  Files 

Bubble  flight  recorders 
see  Flight  recorders 
Bubble  image  processing  devices 
see  Image  processing  devices 
Bubble  idlers 
see  Idlers 
Bubble  lattices 

behavior,  143-147 
defects,  399 

files  (memories),  201-202 
generation,  143-144, 145 
honeycomb  lattices,  144 
topological  switching,  145 
Bubble  logic  devices 
see  Logic  devices 
Bubble  materials 
see  Materials 
Bubble  memories 
see  Memories 

Bubble  memory  organizations 
see  Memory  organizations 
Bubble  propagation 
see  Propagation 
Bubble  recording  heads 
see  Recording  heads 
Bubble  shift  arrays 
see  Shift  arrays 
Bubble  shift  registers 
see  Shift  registers 
Bubble  signal  routing  devices 
see  Signal  routing  devices 
Bubble  switches 
see  Switches 

Bubble  text-editing  systems 
see  Text-editing  systems 
Bubbles,  15-19, 136-143,  229-241,  411-424 
amorphous  films,  475 
analysis,  137-139 

anisotropic  ferromagnetic  films,  137-139,  443-447 
annihilation,  266-267,  272 
bibliography,  621-660,687-691 
bubble-bubble  interactions,  272 
bubble  devices,  347-395 
cobalt,  401-410 

coercivity  measurement,  379,  598-600 
comparison  with  magnetic  disks,  215t216 
comparison  with  semiconductors,  214-215 
domain  wall  parameters,  374-390 
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energy,  412417 
equilibrium,  139-141,  352-356 
etched  pattern  interactions,  324-326 
generation,  257-258,  267-269,  272 
graphical  solution,  141-143 
isolated  bubble  behavior,  136-143 
laser-beam  manipulation,  335-337 
magnetic  behavior  characterization,  590-607 
mobility  measurement,  379 
orthoferrite  structures,  343-346 
permalloy  overlay  interactions,  159-161 
rare-earth  iron  garnets,  478-480 
replication,  266-267 
shape,  369-374,  385-387 
size,  367-374,  379-385 
stability,  141,  356-360,  369-374 
static  behavior,  590-591 
storage  density,  199-205 
stretching,  25  8-25  9 
sub-micron  bubbles,  168, 198 
translational  forces,  417-421 
transient  dynamic  configurations,  616-619 
velocity,  448465 
Bulk  crystals,  170-174 

C 

Characteristic  length,  169 
Chevron  3-3  logic,  65-66 
Chevron  circuits,  253-256 
Circuit  analysis,  126-127 
Cobalt 

bubbles,  401410 
Code  translator,  122 
Coding 

bubble  devices,  31-33 

Coincident-domain  memories,  102,  110-111 
Coincident  selection,  95-96 
Complementary  bubble  streams,  56 
Compressors,  54-55 

Conductor-access  devices,  25-28,  201,  236 
evolution,  26-28 
Conjunctive  logic  inputs,  64 
Conservative  (bubble  logic)  system,  62-64 
Content-addressable  memories,  101, 102-107 
Contiguous  disks,  198,  203, 

Counters,  66 

Critical  wall  velocities,  154-157 
Cross-overs,  54 
Crystal  growth 

garnet  films,  178-181,  469474 
garnets,  178-180 

rare-earth  gallium  garnets,  481486 
rare-earth  iron  garnet  films,  487493,  507-521 
Cylindrical  magnetic  domains 
see  Bubbles 

D 

Data  manipulation 

applications,  117,  554-557 
bubble  shift  registers,  117 
Decoders,  89-93,  282,  308-310 
Defects,  179-180, 187 
bubble  lattices,  399 
garnet  films,  187,  472 
garnets,  532-538 
measurement,  542 
rare-earth  iron  garnet  films,  494496 
staining  techniques,  537-538 
Detection,  3441,  239,  264-265 

amplification  by  bubble  stretching,  3840,  258-259 


Faraday  effect,  4041 
Hall  effect,  36-37 
inductive  sensing,  36 
magnetoresistive,  37-39 
Device  fabrication,  182-186 

electron  beam  lithography,  611-615 
integrated-circuit  fabrication,  214-215 
one-mask  level  circuits,  263-269 
shift  registers,  522-526 
Device  measurements,  191-193 
Device  radiation  effects,  1 89 
Device  reliability,  189-191 

mean-time-to-failure  testing,  578-589 
Devices 

bibliography,  621-671 
bubble  domain  theory,  347-395 
coding,  31-33 

domain  translational  forces,  417422 
garnets,  176-178 

material  parameter  determination,  390-394 
operational  region,  360-367,  387-390 
patents,  659-666 
R  &  D  history,  3-10,  221-226 
Digital  computers,  122-123,  310-320 
Digital  switching  network,  1 1 9-1 20 
Directionality 

permalloy  dots,  25 
three-phase  conductor  drive ,  25 
Display  systems,  114,  324-331 
microfilm  printers,  331 
Dissipative  processes 

bubble  device  operation,  387-390 
bubble  domain  shape,  385-387 
bubble  domain  size,  379-385 
Domain  structures 

bubble  lattices,  133, 143-147 
bubbles,  15-18,  133, 136-143 
bubbles  in  a  ring  domain,  133,  343-346 
concentric  ring  domains,  133,  343-346 
domains  in  double-layer  films,  133 
half  bubbles,  133 
hollow  bubbles,  133 
honeycomb  lattices,  133 
isolated  bubbles 
see  Bubbles 

lattices  with  positive  and  negative  bubbles,  133,  343-346 
multi-fingered  stripes,  133 
serpentines 
see  Stripe 

stripes,  15-18, 133-136,  201 
wavy  wall  plus  periodic  bubbles,  133,  343-346 
wavy  wall  plus  positive  and  negative  bubbles,  133,  343-346 
Domain-wall  dynamic  conversion,  157-159 
Domain-wall  mobility 
Bloch  lines,  458460 
bubble  velocities,  448465 
double  layer  films,  461462 
ion  implantation,  461462 
measurement,  462464,  539-540,  600-605 
rare-earth  garnet  films,  448465 
thermal  effects,  460461 
Domain-wall  structures,  147-154 
Bloch,  147 
...  complex,  147 

double-layer  films,  152 

interleaved  Bloch  and  Neel  wall  segments,  150 
mixed,  148 
Neel,  147 

single  chirality,  148 
unwinding,  147-148 
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winding,  147-148 
Domain  walls 

anisotropy  measurement,  541-542 
bubble  parameter  relations,  374-390 
coercivity  measurement,  540-541,  598-600 
dynamics,  154-159 
energy,  169 

energy  anisotropy  effects,  369-374 
energy  measurement,  541 
structure,  147-154 

Dynamically  ordered  shift  registers,  93-95,  281-282 

E 

Electron-beam  fabrication 

bubble  devices,  184, 198,  611-615 
bubble  storage  density,  202-203 
electron  resist  (methyl-methacrylate),  1 84 
shift  registers,  522-526 
Epitaxial  films,  172-174 

chemical  vapor  deposition,  167 
LPE  dipping,  174,  180-181 

F 

Fan-ins,  55 
Fan-outs,  55 
Faraday  effect 

bubble  detection,  40-41 
bubble  material  measurements,  539-543 
large  Faraday-effect  materials,  1 12-114 
Fault  tolerance,  87-89,  198 
Ferromagnetic  films 
bubbles,  443-447 
Fiber  optics 

magneto-optic  signal  via,  41 
Field  access  devices,  20,  28-31,  236-238 
logic  devices,  62-67 
materials,  250-253 
oscillating  normal  field,  28-31 
rotating  planar  field,  20-25,  242-245 
Files 

magnetic  disk  files,  215-216 
Flight  recorders,  547=353 
Flip-flops,  67 

Functional  capabilities,  212-214 
see  also  Logic,  Memory,  Switches 

G 

Gadolinium-cobalt  films 
see  Amorphous  films 
Gadolinium-iron  films 
see  Amorphous  films 
Gapless  structures,  202-203 
Garnet  film  compositions,  176-179 
(Bio.5R2.5)  Fe50i2 
R=Gd,Y,Yb,  113 

(Bio. 3Y2. 7)  (F^.sGai^)  Oi2>  113 

(BixY3_x)Fe50i25 113 


(Ca,Lu,Y)3(Fe,  Ge,Si)50i2j  179 


(Er2Eui)(Alo.7Fe36Gao.7)Oi2, 163 
(EriEu2)(Fe4  4Gao.6)Oi 2,  162 
(EriEu2)(Fe4.3Gao.7)Oi2, 179 
(Er2Eui)(Fe4  3Gao.7)Oi2»  114,  188 
(Er,Ga)  IG,  189 

(Er,Gd, Y)3  (AJq  .  1  Fe4  5  Gao  .4 )0 1 2  >  153 
Eu3Ga50i2,  116 

(Euo.75Gdo.75  Yi.5)(Alo.5Fe4>4Gao.i)Oi2>  153 
(Eu2Y1)(Al2Fe3)012,115 


(EU,Y)IG,  113 
(Eu,Y)3Fe5012,168 
(Eu2Y  1  )Fe50i 2,  200 
(Euo.6Y2.4)(Fe3>9Gai,i)Oi2, 145,  188 
(Fuo.6Y2.4)(Fe4Gai)Oi2, 179 
(Eu1Yb2)Fe50i2,  200 
(Fu0.5  6Tmo.3Y2.14)(Fe3>9Gai#i)Oi2, 189 
(Eu,Y)3(Fe,Ga)5012, 156 
(Euo.6Y2.4)(Fe3.8Gai.2)Oi2,  159 
(Euo.6Y2.4)(Fe3#9Gai.i)Oi2,  200 
(EUl.85Y  Yb0.i5)(Al,Fe)5O12, 157 
(Eu,Y,Yb)3(Fe,Ga)50i2, 159 
(Euo.6sY2.2Yboii5)(Fe3.9Gai.i)Oi2, 157 
(Fuo.9Yb2>1)Fe5Oi2,  176 
(Eu1Yb2)Fe50i2,  200 

(Gd,La,Y)  IG,  189 
(Gd,Lu)3(Ai,Fe)5012,158 
(Gd2Lu1)(Alo.6Fe4>4)Oi2, 190 
(Gd2.3Tbo.7)Fe50i2, 162 
(Gdi>2Tmo.9  Yo.9)(Alo.iFe4>6Gao.3)Oi2, 153 
(Gd,Tm,Y)  IG,  189 
(Gd,Tm,Y)3(Fe4.2Ga0.8)Oi2, 159 
(Gdo.6Tm.Yi  4)Fe4  2Gao.8)Oi2,  159 
(Gd,Y)IG,  189 
(Gd3_xYx)Fe5012,177 
(Gd1.5Y1.5)(AlxFe5_x)012,177 
(GD,Y)3(Fe,Ga)5012, 156 
(Gdo.45Y2.55)(Fe3.64Gai.36)Oi2,  43 
(Gdo.5Y2>5)(Fe3>6Gai.4)Oi2,  43 
(Gd !  .5  Y0.9  Yb0 .6  )  (Al0 .5  Fe4 .5  )0 1 2 , 1 5  3 
(Gdi#29Yi  o3Ybo.6  8)(Alo.7Fe4.3)Oi2,  87 
(Gd,Y,Yb)IG,  1 89 


(LuxSm3_x)Fe50i2,  200 


R3B5O12 

R=Bi,La,Y,  trivalent  RE 

B=Al,Fe,Ga,  116 
(RE)3(Al,Fe,  or  Ga)5012,  173 
(RE,Y)3Fe5012 

RE=Ce,Pr,Nd,Pm,  Sm,Eu,Gd,Ty,Dy,Ho,Er,Tm,Yb,Lu,  171, 177 
(Smo.75Y2.2s)Fe50i2, 176 
(Sm,Y)IG,  113, 191 

(Smo.4Y2.6)(Fe3#8Gai.2)Oi2, 158, 188, 190 
(Smo.4Y2>6)(Fe3>9  Gai>i)Oi2,  179 
(Snii.5Y2<5)(Fe3#8Gai>2)Oi2,  200 
(TbiTm2)(Fe4>4Gao.6)Oi2,  162 
(TmiY2)(Fe4j[  Gao. 9)0^2, 153 
Y3(Fe,Ga)5O123150 
Y3(Fe3.9Gai,i)Oi2, 112 
Y3(Fe3>8Gai#2)Oi25 113 
Y3(Fe3>5Gai  #iSc0.4)Oi2, 116 
Y3(Fe4>3Sco.7)Oi2,  116 
Garnet  films 

bubble  propagation  patterns,  527-531 
defects,  187,472,535-538 
domain  nucleation,  134-136 
domain  structures,  134-136 
growth,  178-181, 469-474 
light  modulation,  338-340 
light  switching,  338-340 
noncubic  anisotropy,  425-442 
parameter  uniformity,  1 88 
reproducibility ,  1 88-1 89 
thermomagnetic  recording,  301-303 
Garnet  structure,  172-173 
Garnet  substrates,  178-180 
Garnets,  172-174 

bubble  configurations,  616-619 
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bubble  devices,  176-178 
defects,  532-538 
growth,  178-180 
noncubic  anisotropy,  425-442 
stripe  domain  configurations,  616-619 
Gianola’s  materials  charts,  171 

H 

Hall  effect 

bubble  detection,  36-37 
Hard  bubbles,  148-154,  558-577 
deflection,  150 
dynamic  properties,  564-577 
static  properties,  149-150,  559-564 
suppression,  151-154 
History 

bubble  device  R  &  D,  3-10,  221-226 

I 

IBM  Technical  Disclosure  Bulletin,  687-691 
Idlers,  52 

Image  processing  devices,  114-115 
In-plane  field,  21, 109,  159, 191 
Indented  structures,  28 
Inductive  sensing 

bubble  detection,  36 
Integrated-circuit  fabrication 

bubble  device  fabrication,  214-215 
Integrated-optics  devices,  115-117 
Interaction  of  bubbles  with  permalloy,  159 
Intersecting  propagation  channels,  54 
Ion-beam  fabrication 

bubble  device  structures,  1 85 
Ion  implantation 

bubble  device  structures,  186,  200,  201 
bubble  propagation  patterns,  527-531 
domain  wall  mobility,  461-462 
hard  bubble  suppression,  151-154 
wall  structure  stability,  202 
Ion  milling,  185 

L 

Landau-Lifshitz-Gilbert  equations,  154-155 
Laser-beam  effects 

thermomagnetic  recording,  112,  301-303 
Laser-beam  operations 

magnetic  domain  manipulation,  114-115,  335-337 
Lattice  memories,  201-202 
Light  modulation 

garnet  film  waveguides,  116,  338-340 
Light  switching 

garnet  film  waveguides,  116,  338-340 
Lithography 

see  Electron-beam  fabrication 
Logic  applications,  122-123 
Logic  control  arrangement,  121-122 
Logic  devices,  59-76, 122-123,  213-214,  239-241,  305-308 
capabilities,  213-214 
experimental  status,  75-76 
field-access  devices;  62-67,  245 
programmable  cellular  logic,  61-62 
resident-bubble  cellular  logic,  67-68 
residue  threshold  functions,  7 1 ,  27  3 
symmetric  switching  functions,  68-71,  272-277 
threshold  logic,  71-72 
universal  rewriteable  arrays,  72-73 

M 

Magnetic  anisotropy 
bubble  films,  596-598 


garnet  noncubic  anisotropy,  425-442 
Gd-Co  films,  476-477 
Gd-Fe  films,  476-477 
rare-earth  garnet  films,  493-494 
rare-earth  garnets,  162-164 
Magnetic  bubble 
see  Bubble 
Magnetic  defects 
see  Defects 

Magnetic  disk  files,  215-216 
Magnetic  domains 
structures,  132-136 
visualization  techniques,  132 

see  also  Bubble  lattices,  Bubbles,  Serpentine  domains, 
Stripe  domains 
Magnetic  recording  heads 
see  Recording  heads 
Magnetic  thermal  effects 

bubble  propagation,  161-162 
domain  manipulation,  335-337 
domain  wall  mobility,  460-461 
Magnetooptic  effects 
see  Faraday  effect 
Magnetooptic  waveguides 
light  modulation,  338-340 
light  switching,  338-340 

Magnetoresistive  effect  for  bubble  detection,  37-39 
Major/minor  loops,  82-89,  281 
defect-tolerant,  87-89 
mass  memories,  85-87,  286-289 
repertory  dialers,  82-85 
Margins,  188,578-589 
Mass  memories,  256-258 
chip  design,  286-289 
major/minor  loops,  85-87 
module,  197,  289-293 
one-mask  level  circuits,  263-269 
Materials,  170-176 

see  also  Amorphous  film  compositions,  Garnet  film 

compositions 

bibliography,  621-660 

characterization,  191-193,  see  also  Measurements 
cobalt,  401-410 
domain  structures,  132-136 
field-access  devices,  250-253 
garnet  films,  178-181,  469-474,  487-493,  507-521 
garnets,  178-180,  481486 
Gd-Co  amorphous  films,  475477 
Gd-Fe  amorphous  films,  475-477 
measurements,  539-543 
parameter  determination,  390-394 
rare-earth  gallium  garnets,  481-486 
rare-earth  garnet  films,  497-506 
rare-earth  iron  garnets,  487496 
requirements  for  shift  registers,  168-170 
Measurements  on  bubble  films 
characteristic  length,  593-595 
coercivity,  379,  598t600 
domain-wall  energy,  175 
magnetization,  593-595 
mobility,  379 

mobility,  wall,  462-464,  539-540,  600-605 
thickness,  591-592 
X-ray  scattering,  175 
Memories,  122-123,  213,  239-241,  314 
anisotropic  ferromagnetic  films,  443447 
applications,  96-97 
basic  functions,  19-20 
bubble  space-flight  memory,  547-553 
bubble  storage  density,  199-205 
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design  examples,  210-211 
speed  improvement  by  hierarchy,  99-100 
speed  improvement  techniques,  205-212 
US  government  applications,  294-300 
varieties,  100-111 

see  also  Amorphous  film  memories.  Beam  addressable  files, 
Coincident-domain  memories,  Content-addressable  memories, 
Lattice  memories,  Mass  memories,  Random-access  memories,  Read¬ 
only  memories 
Memory  hierarchies,  96-100 
Memory  non-volatility,  41-44 
Memory  organizations,  81-96,  281-285 
memory  speed  improvements,  209-21 2 
see  also  Coincident  selection,  Decoders,  Dynamically 
ordered  shift  registers,  Major/minor  loops 
Metallization 

bubble  device  structures,  184-185 
Microfilm  printers,  331 
mobility,  170,  178,448-465 
damping  parameter,  178 

N 

NAND,  65,  68 

Non-conservative  (bubble  logic)  system,  64-65 
Non-volatility  (of  memory),  41-44 
bias  layer,  42-43 
permanent  magnets,  42 
NOR,  65 

O 

ONE-ZERO  representation 
bubble  and  word,  19 
interdomain  spacing,  32 
wall  states,  202 

Operations  on  bubble  streams,  126 
Optical  waveguides,  115-116 
Orthoferrites 

bubble  domain  structures,  172,  343-346 

P 

Patents 

bubble  devices,  661-684 
Pattern  rotating  memories 

bubble  shift  arrays,  114,  332-334 
Permalloy  deposition  on  garnet,  152 
Permalloy  overlays 

bubble  interactions,  159-161 
Permalloy  patterns 
design,  24-25 
directionality,  25 
evolution,  22 
field  access,  20-22 
field  distribution,  160-161 
geometry 

angelfish,  29 
chevrons,  22 
disks,  33 

dollar-sign  transfer,  23 
fine-grained  pattern,  38-40 
fishbone,  35 

gapless  structures,  202-203 
scallop,  33 
T-bar,  21 
X-bar,  22 
Y-bar,  24 
high  density,  23 
major/minor  loops,  23 
self-contained  chips,  22 
single-level  masking,  23 
versatile  functions,  23-24 


Personalization  coefficients,  69,  72 
Pipelined  operation,  72 
Programmable  cellular  logic,  61-62 
Propagation,  33-34,  56-58,  270-272 
field-access  devices,  243-244 
gradient-induced  propagation,  161-162 
ion  implanted  patterns,  527-531 
mean-time-to-failure  testing,  578-589 
novel  schemes,  32-34 
ID,  2D,  3D,  56-58 
stress  effects,  161-162 
thermal  effects,  161-162 
Propagation  circuits 

chevron  circuits,  253-256 
single-conductor  circuits,  261-262 

Q 

Quality  factor,  170-171,  200 

R 

Radiation,  189 

Random-access  memories,  101-102, 107-110 
Rare-earth  gallium  garnets 
growth,  481-486 
Rare-earth  garnet  films,  497-506 
bubble  velocities,  448-465 
domain  wall  mobility,  448-465 
domain  manipulation,  335-337 
Rare-earth  garnets 

uniaxial  anisotropy,  162-164 
Rare-earth  iron  garnet  films 
defects,  494-496 
growth,  487-493,  507-521 
magnetic  anisotropy,  493-494 
magnetic  properties,  510-521 
Rare-earth  iron  garnets 

bubble  domain  properties,  478-480 
Read  heads,  125 

Read-only  memories,  100-101, 102 
Recorders  for  space  flight 
magnetic  bubbles,  547-553 
magnetic  tape,  547 
Recording  heads,  123-125 
Reliability,  189-191 
Repertory  dialers 
memories,  246-249 
major/minor  loops,  82-85 
Reproducibility,  1 88-1 89 
Research  &  development 

bubble  device  history,  3-10,  221-226 
Resident-bubble  cellular  logic,  67-68 
Residue  threshold  functions,  273 
Responses  to  heat  and  stress,  161-162 

S 

Scanning  heads,  124 
Self-contained  chips,  22 
Serpentine  domains,  15-19 
Shift  arrays 

pattern  rotating  memories,  332-334 
Shift  registers 

clear-view  angelfish  devices,  326-327 
data  manipulation,  117 
dynamic  ordering,  93-95,  281-282 
fabrication,  522-526 
materials,  168-170 
Signal  routing  devices 

see  Complementary  bubble  streams,  Compressors,  Cross-overs, 
Fan-ins,  Fan-outs,  Intersecting  propagation  channels, 
Propagation,  Switches 
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Single-level  masking,  184, 198,  263-269 
Speed 

device  structures,  206-208 
hierarchy,  99-100 
memory  organization,  209-210 
signal  propagation,  208-209 
storage  medium,  206 
Storage  density,  199-204 
Storage  density  vs  access  time,  211-212 
Storage  hierarchy,  96-100 
Stress  effects 

bubble  propagation,  161-162 
Stripe  domains,  133-134 
amorphous  films,  475 
laser-beam  manipulation,  335-337 
transient  dynamic  configurations,  616-619 
Structure  making,  182-186 
Sub-micron  bubbles,  168, 198 
Switches,  55-56, 117-122,  213 
capabilities,  213 
current  control,  46-50 
domain  control,  50-51 
latch,  49-50 

rotating  field  control,  44-46 
Switching  applications,  117-122 

see  also  Autonomous  line  scanner,  Bubble  switching  matrix, 
Code  translator,  Digital  switching  network,  Logic  control 
arrangement,  Time  slot  interchanger 


Switching  matrix,  120 

Symmetric  switching  functions ,  6  8-7 1 ,  27  2-27 7 
T 

Text-editing  systems,  117,  554-557 
Thermal  effects 

see  magnetic  thermal  effects 
Thermomagnetic  recording 
garnet  films,  301-303 
Thickness  gradient,  161-162 
Thickness  measurement 
bubble  films,  591-592 
Threshold  logic,  71-72 
Time  slot  interchanger,  120-121, 198 
Translation  forces,  general,  161 
Two-level  selection,  109 

U 

Uniaxial  anisotropy  in  garnets,  162-165, 177-178, 181, 199 
Universal  re-writeable  logic  arrays,  72-73 

W 

Write  heads,  123-125 
Y 

Yield 

present  chips,  79 
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